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Abstract
Manufacturing resources degrade continuously throughout their life. This may be due
to external factors such as wear and vibration, or operator induced factors such as the
selection of incorrect cutting parameters. Planning manufacturing processes based on
nominal machine data, can as a consequence result in the generation of inefficient and
infeasible manufacturing instructions and out-of-tolerance parts. A method to accu-
rately represent the actual capability of resources is needed to effectively model the
manufacturing resources to enable more accurate process planning.
In this research a new framework for macro and micro process planning of CNC ma-
chining processes is proposed. The framework is based on a computer aided process
planning system based on actual machine capability entitled CAPPable.
Machining errors affecting the overall health of machines have been reviewed and iden-
tified. STEP-NC has been used to model the machining resources and their associated
errors. A manufacturing capability profile has been designed in which it is possible to
store the values which reflect the degradation of machining resources.
CAPPable has been implemented as a STEP-Compliant prototype CAPP system for
machining and validated on micro and macro levels. It has been demonstrated that
using this framework, the current capability of resources can be accurately represented
and can improve process planning effectiveness compared to using nominal manufac-
turing resource information. Through implementation of this framework, the capability
of manufacturing resources can utilise resources to a far greater extent than currently
possible. CAPPable has also been extended for use to generate improved part setup
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Definitions
Application programming interface: Application programming interface is a set
of routines, protocols, and tools for building software applications.
CNC machining system: The organisation of various manufacturing resources
responsible for executing manufacturing decisions.
Current state of manufacturing capability: A set of capability that a machine tool
can deliver according to the latest condition of its resources.
Data model: A language to describe constructs for expressing intent.
Effective process plan: A process plan that can deliver the required geometric
tolerances stated in the design of a part.
Entity: A class of information defined by common properties.
Entity data type: A representation of an entity. An entity data type establishes
a domain of values defined by common attributes and constraints.
Framework: A framework is an abstraction in which software providing generic
functionality can be selectively changed by additional user-written code.
G&M code: A language for describing CNC interpretable syntax for generating
servo controlled axis movements.
Healthy machine tool: A machine tool that its performance has been checked
though a series of tests against the machine tool specifications.
Interoperability: The ability to seamlessly transfer information from one CAD/-
CAM/CNC system to another, while maintaining the integrity of the information.
Java class: A Java class is a template for creating different objects which defines
its properties and behaviours. Java class objects exhibit the properties and be-
haviours defined by its class. A class can contain fields and methods to describe
x
the behaviour of an object.
Java interface: The contact point between a class and the outside world. When
a class implements an interface, it promises to provide the behaviour defined in
that interface.
Kinematics: Is a branch of mechanics that describes the motion of points, bodies
(objects), and systems of bodies (groups of objects) without considering the mass
of each or the forces that caused the motion
Machine tool capability: A set of capability that a machine can provide at a
particular point of time.
Macro process planning: Macro process planning is a process planning stage which
concerned with identifying the main tasks and their best sequence and the type
of manufacturing processes.
Manufacturing resources: Physical or virtual elements contributing execution of
manufacturing activities such as mechanical resources and cutting tools.
Micro process planning: Micro process planning is a detailed process planning
level in which the process planner determines the workpiece setup, machining
strategies, cutting tools and cutting conditions.
Quasi-static error: This error varies slowly with time and depends primarily on
the structure of the machine tool.
Robots singularity: is a point in the workspace where the robot loses its ability
to move the end effector in some direction no matter how it moves its joints.
Semantics: The implied meaning of data within a specific context with respect to
their role in a system.
Squareness: is the difference between the inclination of the reference straight
line of the trajectory of the functional point of a linear moving component with
respect to its corresponding principal axis of linear motion and (in relation to) the
inclination of the reference straight line of the trajectory of the functional point
of another linear moving component with respect to its corresponding principal
axis of linear motion.
Straightness: is value of the largest positive straightness deviation added to the
absolute value of the largest negative straightness deviation (with respect to any
previously defined reference straight line).
xi
Syntax: The rules that regulate the format of representation of information within
a context. Syntax rules define whether or not an statement is valid for the gram-
mar of the language.
Unified manufacturing resource model: A conceptual representation of the man-







Manufacturing technologies have continuously improved over the past sixty years in
terms of multiple criteria, such as machine architectures, control systems, computer
aided production and process planning systems (Chen et al., 2015). The introduction
of computer numerically controlled (CNC) machines in the 1970s, changed produc-
tion from manually driven machines to automated systems with different capabilities
(Vichare et al., 2009). These CNC machines, which are value adding in manufacturing
operations are usually used on a consistent basis over a number of years but degrade in
performance throughout their life cycle. When operating within a manufacturing envi-
ronment, machine tools need to stay in a working condition according to machine tool
manufacturer specification, to produce high-quality finished products. Machine tool
faults account for yearly economic losses of tens of billions of US dollars (Lee, 1995).
A process planner can only produce parts which meet design requirements if he or she
has enough knowledge about available machining resources. The knowledge of machine
capability is normally gained over decades by the process planner, who generate NC
programmes on the same machining resources.
This knowledge gained from machining experience is permanently at risk of getting lost
or forgotten by changing operators or procedures. As a result of this loss, the quality of
machined parts can be effected. Capturing and storing the actual capability of machine
tools helps the decision-making process of machining a part in the aforementioned situ-
ation. Usually the machine tool encompasses a huge system consisting of many assisting
subsystems and mechanisms. For example, a 3-axis CNC milling machine includes ma-
chine tool axes, work table, tool handling, controller and coolant system. Capturing
the knowledge of the capabilities across these machining components is increasingly
1
Chapter 1
complicated due to lack of methods to define these manufacturing resources.
At present, in the process of part manufacturing, there has been great interest in au-
tomation (Wang et al., 2016). Despite significant efforts to develop fully automated
process planning systems, most developed process planning packages still rely on the
knowledge of process planners for decision-making. One reason for this is because on the
shop-floor there are various types of machine tools, and each has different capabilities.
In order to automate CAD/CAM/CNC transformation, there has to be a flexible system
to select machine tools based on their capabilities and adjust the process parameters in
the generated machining instructions.
This research aims to specify and realise a novel framework for generating process
plans based on the actual capability of machine tools at the time of generation. The
proposed research will take place between the CAM and CNC stage in the process chain
of part manufacturing. The theoretical method in this research contains modelling of
manufacturing resources, machine tool errors and kinematics of machines.
The thesis is structured in seven chapters. This chapter introduces the contents of the
research including research context and aims and objectives. This is followed by a review
of the current methods for generating process plans in Chapter 2. The specification and
design of a methodology for creating a manufacturing capability profile containing the
machine tool health parameters is covered in Chapter 3. The development of a prototype
is provided in Chapter 4. Experimental research conducted to validate the developed
prototype is discussed in Chapter 5. Discussions on the results and findings of the
research are presented in Chapter 6. Finally, the conclusions of the research along with
potential future work are provided in Chapter 7. An outline of this thesis structure can
be seen in Figure 1-1.
1.2 Research context
Existing machine tools in the shop-floor environment may not always be able to deliver
the required tolerances, as, machining operations are affected by various external factors
such as vibration, temperature and operator errors. A process planning engineer can
only reliably select a machine which can deliver an accurate finished part if he/she
has knowledge of the current state and capability of that particular machine. In most
manufacturing enterprises this knowledge is tacit and not recorded. Effective use of
resources is thus only achieved with considerable expenditure of time and gathering of
human expertise.
A new process planning system using captured machine tool health data has been
proposed in this research to transform this intensive activity to a well-defined formal
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Motivation and backgroundIntroduction (Chapter 1)
State-of-the-artState-of-the-art in computer aided process planning for CNC machining (Chapter 2)
Theoretical researchSpecification and realisation of a capability based process planning framework (Chapter 3)
Experimental researchPrototype implementation of CAPPable (Chapter 4)Experiments and results (Chapter 5)
Research conclusionsDiscussion (Chapter 6)Conclusions and future work (Chapter 7)
Figure 1-1: Structure of thesis chapters
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process relying on explicit knowledge. The health data is structured as a capability
profile that contains the entire body of information that a process planning system
would need to decide whether it would be possible to produce a part on a specific
machine and if so, the values that should be adjusted in the machine to achieve the
desired results.
1.3 Aims and objectives
The aim of this research is to specify and realise a framework to generate effec-
tive process plans based on the current state of the capabilities of manufac-
turing resources. The effective process plans used in this context is a process plan
that can deliver the required geometric tolerances stated in the design of a part.
This will be achieved through meeting the following objectives:
• Compilation of the state-of-the-art in process planning and management of ma-
chining capability knowledge through a comprehensive review of the literature to
identify existing methods for capability based process planning and their gaps.
• Identification of the parameters that define machining capability (i.e. workspace,
accuracy, position, fixturing and tooling). Quantification of the parameters that
represent machine tool capability as explicit knowledge. Classification of the
quantified parameters and their influence on a part process plan. Generation of
a machine data model including a new data structure for machine tool capability
and health.
• Development of a prototype.
• Validation of the proposed framework and the data model using the prototype.
This research is applicable to capability of a machine independent of machine used for
mass production, batch production or flexible manufacturing. The ability to measure
the capability of a machine over time will be highly valuable which ever the type of
manufacturing is used.
1.4 Research boundaries and limitations
A number of research boundaries have been identified to allow the research to focus
on the key issues of process planning based on the actual capability of a machine tool.
These boundaries are illustrated in Figure 1-2, where the triangular shape represents
the relevant research areas and the circle highlights the research boundaries. The areas
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within the circle are the major focus of this research, which are defined in the following
sub-sections. The areas between the circle and the rectangle are considered in this
research as the related areas. These areas have been reviewed in Chapter 2.Computer-aided process planning 











Figure 1-2: Research boundaries within the context of manufacturing
1.4.1 Computer-aided process planning
Various approaches are used to convert the raw materials into the finished products.
Among these approaches, STEP-compliant has been selected as the most suitable ap-
proach for its great potential of modelling the complex information structure of process
planning. Also, the extensibility of STEP can considerably reduce the chance of loosing
information across CAD/CAM/CNC chain. The data structure of STEP also supports
decision-making of manufacturability of parts. The structure of STEP has been covered
comprehensively in Section 2.4. The other approaches such as feature-based approach
and evolutionary algorithm has been reviewed in Sections 2.3.2 and 2.3.1.
1.4.2 Machining inaccuracy
Improving machine accuracy and selecting suitable machining processes are key to
achieving high quality manufactured products. The importance of improving machine
tool accuracy is well recognised due to the increasing demand for high precision parts
(Ni, 1997). In addition, machine tool builders have been continuously searching for
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ways to improve the quality of their products and to reduce costs of the machines that
they produce in order to stay competitive.
Generally, there are various factors which can affect machining accuracy such as tem-
perature and vibration. The three major types of errors are: 1. geometric errors; 2.
thermal errors; and 3. cutting-force induced errors. Factors which can affect machining
accuracy are covered in Section 2.5.2. Geometric errors make up the major part of the
inaccuracy of a CNC machine (Ramesh et al., 2000a) and can be assumed to remain
constant through the machining of a single component. Thermal errors and the errors
caused by cutting forces are more dynamic and variable than geometric errors.
Without loss of generalisation, this research focuses on geometric errors due to their
importance in inaccuracy of machines (Wan et al., 2016) and the relative simplicity of
estimating their effect on the machining process. Estimating the effects of the other
two types of error would require dynamic and thermal modelling of machine tools which
would add to the complexity without adding to the core contribution of this work.
1.4.3 Machine tool models
Machine tool models are conceptual representations of the real machine tools. There are
a number of approaches to represent machine tools such as graphical simulation, kine-
matic representations and dynamic models. Vichare et al. (2009), proposed a unified
manufacturing resource model to integrate the approaches that define the functional
capability of a machine tool to produce a data model that can inform the process plan-
ning activity (Vichare et al., 2009). The other approach for representing the machine
tool capability has been presented in ISO 14649-201 (2011). The model defined using
the EXPRESS data modelling language used throughout the STEP series of standards
(ISO 10303-1, 1994) to represent manufacturing resource capabilities. Graphical mod-
els provide visual confirmation of machineability based on the kinematic reachability of
the machine. Although graphical models are extensively used in the commercial CAM
software they provide limited information to process planners to make decisions based
on the current machine tool health. Graphical models do not contain machine tool
component capability such as, axes repeatability and axes positional accuracy. Their
application is limited to simulation and verification of machine movements such as, tool
path verification and tool accessibility checks. Section 2.5.1 provides a detailed review
of these machine tool models.
6
Chapter 1
1.5 Scope of research: areas of investigation
To achieve the research objectives outlined in Section 1.3, the research scope has been
identified as follows:
(i). Review of the CAPP systems developed for machining capability: A
comprehensive state-of-the-art review will be carried out, identifying various capability
based process planning systems currently developed together with their approaches.
Techniques used to capture the actual capability of machining resources will be covered
in this review. Among these techniques, kinematic models of machine tools will be the
focus as it is identified to be the most widely used method to assess machineability.
This review will highlight a number of factors which will be utilised for developing the
data model of undertaken research method.
(ii). Development of a process planning framework to capture the real ca-
pability of machines: Process planning based on the nominal capability of manufac-
turing resources can result in out-of-tolerance parts. Process planning output can be
improved by considering the design specification as well as the actual capability of the
available machining resources. A proposed process planning framework (CAPPable)
will be introduced to decide whether it is possible to machine a part on a specific ma-
chine. The machining capability profile (MCP) will be introduced as a part of this
development. Each MCP file contains capability data points which can be incorporated
with CAPPable. This system works solely based on the machine tool models and does
not investigate the machineability of materials.
(iii). Application of the proposed framework on three-axis machines: To
present this body of work, a series of simulation studies will be conducted to demon-
strate the proposed process planning framework at macro level. The process planning
approach consisting of machine tool models will be evaluated by a series of tests. The
feasibility of machining a sample part on a specific machine tool will be investigated
through the CAPPable framework. The result of these tests will be generated automat-
ically from CAPPable.
(iv). Application of the proposed framework on a PKM: Capturing the real
capability of a parallel kinematic machine will be targeted on simulation software. This
case study will demonstrate the proposed framework in detail at the micro process plan-
ning level. The best part location will be optimised considering the translational error
along PKM legs. The fitness of the generated locations/particles has been evaluated
with particle swarm.
(v). Validation of the proposed framework using the ball bar test: A series
of ball bar tests have been done on a serial kinematic machine to validate the proposed
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process planing framework. Captured squareness and straightness errors have been
modelled mathematically. A kinematic model of a CNC machine has been used to find
the best part location on machine tool bed.
1.6 Research methodology
The research problem this work addresses is defined as the lack of explicit knowledge
of the current capability of machines during process planning. To test the
validity of this problem definition and the proposed solution, the hypothesis has been
defined as: "A process planning system that takes the current status of resources into
account will produce results that are as good as or better than process planning based
on nominal resource information". This research is thus based on testing a hypothesis
through the realisation and validation of a framework showing that solving the identified
problem using the proposed technique, will produce better process plans.
Consequently, the deductive research method has been selected to test the hypothesis
as follows:
1. Various standards and literatures are reviewed to specify the research gaps in
manufacturing process planning and identify the capability parameters which can
affect process planning outputs.
2. Based on the gaps identified in the literature a framework for a computer aided
process planning system based on the actual available machine capability is de-
fined and the functional requirements of CAPPable are identified.
3. A data modelling language is used to enable explicit expression of the actual
machine capability information. The produced data model is incorporated within
the CAPPable framework. Machine tool degradation data is then used to create
knowledge instances representing physical machine conditions for CNC equipment.
4. A prototype implementation of CAPPable framework will receive product speci-
fications and perform capability checks on the available manufacturing resources.
5. Comparative tests on selected machine tools will use CAPPable prototype to
validate the proposed system in macro process planning. The proposed system
is tested on the serial kinematic machines to check the feasibility of the process
plans.
6. Error modelling of squareness and straightness using the ball bar test data to
validate the CAPPable prototype on a three-axis serial machine. The best part




State-of-the-art in capability based
computer aided process planning
for CNC machining
2.1 Introduction
Computer-aided process planning (CAPP) has been the subject of many research projects
conducted both by industrialists and academics over the past forty years, resulting in
an enormous body of publications. This chapter reviews the various approaches under-
taken by researchers, and provides a brief assessment of these approaches to highlight
the research gaps on consideration of actual resource capability.
2.2 Current approaches for CAPP
In part machining, process planning is the act of preparing detailed sequences of ma-
chining operation instructions to transform an engineering design to a final product
(Xu et al., 2011). Computer-aided process planning (CAPP) is the use of computer
technology to aid in process planning of a part or product in manufacturing (Alting
and Zhang, 1989). The input to the process planning system is the design of a part
and in case of CAPP, this is supplied in the digital format of a Computer Aided Design
(CAD) file. The output is the set of information that is required to manufacture the
product and make sure that it meets the original design specifications.
A complete machining process plan should thus contain machining parameters, setups
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and tools required for production as well as the machining instructions required to make
the part. Figure 2-1 shows the general approach to CAPP (Qiao et al., 1994). In manual
process planning, a human process planner receives part description information such as
dimension, tolerance and surface quality (Chang and Wysk, 1984). Based on this infor-
mation and their knowledge of available machining resources, they must recognise and
extract manufacturing features from the engineering drawing. Next, based on geometric
and tolerancing considerations, they select suitable machining operations.










Figure 2-1: Process planning flow and stages (Qiao et al., 1994)
Manual process planning is time consuming and expensive in terms of technical exper-
tise. This has been the major driver of CAPP research to capture the process planning
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knowledge in a computer based system that can be operated by people with less expe-
rience. Two general approaches have been proposed for CAPP: the variant approach;
and, the generative approach (Alting and Zhang, 1989).
The variant approach to process planning is comparable with the traditional manual
approach where a process plan for a new part is created by recalling, identifying and
retrieving an existing plan for a similar part (known as a master plan), and making
necessary changes for the new part (Alting and Zhang, 1989). In some variant sys-
tems parts are grouped into a number of part families, characterised by similarities in
manufacturing methods and thus related to group technology. For each part family, a
standard process plan, which includes all possible operations for the family, is stored
in the system. An example of the variant approach is MIPLAN (Houtzeel, 1980). MI-
PLAN is a data retrieval system which retrieve process plans based on part code. By
inputting a part code, parts with a similar code are retrieved. The process plan for
each part is then displayed and edited by the user.
The variant approach is reliant on the availability of an appropriate information in-
frastructure that would allow the process plans for previous components to be stored
(Yusof and Latif, 2014). The infrastructure should also allow the information to be
quickly accessed and modified to match the requirements of the product for which a
new process plan is required.
With this infrastructure in place, which usually takes the form of a database, the com-
plicated activities and decisions take less time and labour to be processed. This is
because the new part information is linked to already existing information. Further-
more, procedures can be standardised by adapting planners’ manufacturing knowledge
and structuring it to a company’s specific needs and introducing them as validation
rules in the information infrastructure (Ham et al., 2016).
The volume of the information and the sophisticated structure required to manage
it, makes maintaining consistency in editing practices, and accommodation of various
combinations of geometry, size, precision, material, quality, and machine tool loading.
The biggest disadvantage of the variant approach, however, is that the quality of process
plan still depends on the knowledge of a process planner (Yusof and Latif, 2014). Overall
the advantages of the variant approach has been summarised by Tan and Khoshnevis
(2000) as:
(i). The investment cost is lower and the development time is shorter. Especially for
medium sized companies, who want to adapt their own process planning tech-
niques (Tan and Khoshnevis, 2000).
(ii). The development costs and hardware costs are lower. Especially for small compa-




In the generative approach process plans are generated by means of decision logic,
algorithm, and geometry based data to make various decisions for converting a part
from raw material to its finished state. The rules of manufacturing and the equipment
capabilities are stored in a database (Chryssolouris, 2006).
When using the system, a specific process plan for a part can be generated without
human intervention. Process planning parameters can be imported in the format of
text or graphic where the part data is collected from a CAD model. With the rapid
development of computer intelligence, both academics and industrialists have gained
interest in using graphical input for generative systems (Boer et al., 1990).
Technologies such as feature recognition, feature extraction and geometric reasoning
have been adapted as an effort to interface CAPP with CAD. Many generative process
planning systems have already been developed over the last 30 years such as EXCAP
(Darbyshire and Davies, 1984) and AutoPlan (Patil and Pande, 2002). EXCAP was
designed for turning operations to overcome the issue of reliance on human process plan-
ner. AutoPlan adapted the feature based design to map the identified features to the
corresponding machining process. The biggest advantage of this approach is that the
process plan is consistent and fully automated (ElMaraghy and Nassehi, 2014). SCSTO
(Yusof and Case, 2010) was developed to generate machining instructions based on ma-
chining features to support the interactive generation of process plans utilising feature
extraction. SCSTO was constructed using a structured methodology for its planning
and object-oriented methods for its implementation. A prototype implementation of
SCSTO showed that the new approach can eliminate the need for post processors.
The generative approach of process planning has became the emerging trend in CAPP
studies towards automated and intelligent process planning systems (Xu et al., 2011).
To make decisions in generating the plans various technologies such as decision rules, op-
timisation algorithms (ElMaraghy, 2007), intelligent agents (Allen et al., 2005; Nassehi
et al., 2006; Shen et al., 2006) and evolutionary algorithms (Li et al., 2010a) have
been adopted by researchers. Effective generative process planning requires a com-
plex decision-making process and as a result efficient algorithms and technologies are
required to create such systems fit for function in a practical environment.
2.3 The evolution of CAPP
The idea of CAPP was firstly presented in 1965 (Niebel, 1965) where computers were
used to assist humans to achieve better process plans in less time. One of the major pio-
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neers of CAPP was Wysk (1977) who has submitted his PhD thesis in automated process
planning and selection program: APPAS. The first CAPP system was developed in 1976
under the sponsorship of computer aided manufacturing international (CAM-I) (Cay
and Chassapis, 1997). Since then, numbers of CAPP systems have been introduced,
but none of them give practical solutions to manufacturers. The lack of knowledge
about processes and resources made it difficult for CAPP developers to come up with a
practical solution. Depending on the intelligence and complexity of the designed CAPP
systems, these systems were divided into several groups. Alting and Zhang (1989)
grouped and reviewed fourteen well-known CAPP systems designed by 1989, with gen-
eral aspects of these systems such as approaches of implementation, methodologies and
architectures discussed. ElMaraghy (1993) identified important key research issues in
CAPP such as development of product definition, realising techniques for transform-
ing design features and introduction technological data and knowledge base. Xu et al.
(2011) reviewed the development of modern CAPP systems and categorised them based
on the technologies adapted. Xu et al. (2011) defined 10 categories for CAPP systems.
These systems were categorised as feature-based technologies, knowledge-based systems,
artificial neural networks, genetic algorithm based systems, fuzzy set theory, petri nets,
agent-based technology, internet-based technology, STEP-compliant and other emerg-
ing technologies.
The author has reviewed literatures specifically related to the categories of feature
based CAPP systems, evolutionary algorithms in CAPP and STEP-compliant CAPP
as these areas relate specifically to their research.
2.3.1 Feature-based technologies
The heart of any generative CAPP system is the engine that extracts machining fea-
tures. This is because almost all CAPP systems function on the basis of features, or
require features to be the input data such as SCSTO for turning (Yusof et al., 2009)
and SFPS for milling (Suh et al., 2003a). Most of feature recognition systems devel-
oped for CAPP are based on three-dimensional solid models (Babic et al., 2008). Only
few researches have been done on the reconstruction of objects from two-dimensional
drawings (Wesley and Markowsky, 1981).
The main goal of feature recognition is to extract features at the appropriate level of
abstraction from a given part model. This feature extraction needs to be sufficiently
accurate and flexible to ensure that process planning system will yield useful results
(Jha and Gurumoorthy, 2000). Feature-based CAPP systems enable process planners
to translate traditional CAD files without being restricted to a limited set of prede-
fined features. There are many different recognition methods developed for feature
recognition, but the main drawbacks of them are high computational time, multiple
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interpretations, lack of machineability and high complexities with interacting features
(Babic et al., 2008). Table 2.1 summarises the feature recognition methods used in
CAPP systems.
Table 2.1: Feature recognition approaches used in CAPP
Methods Criticisms in literature
Graph matching It requires high computation time to deal with
interacting features. Also, there is no guarantee
that the recognised features can be machined us-
ing a 3-axis CNC (Zhang et al., 2014).
Volume decomposition Since volume decomposition designed specifi-
cally for 3D volumes, this method has better
efficiency in handling interacting features, but
still suffers from expensive computations (Mas-
cle et al., 2007).
Rule-based It uses an artificial intelligence engine to run fea-
ture recognition. It is not a popular approach
since it is impossible to define reasoning rules
for all features and it does not cover all range of
feature adjustments (Lam and Wong, 2000).
Neural network-based It contains nodes and connections which use
from learning ability to run feature recognition.
Neural networks are time consuming because it
requires a comprehensive feature definition lan-
guage to yield useful results. (Lam and Wong,
2000).
Hybrid Combining several advantages of the above
methods attracted researchers to use from hy-
brid methods. For instance, Vandenbrande and
Requicha (1993) combined rule-based and vol-
ume decomposition method adapted to cope
with interacting features. Graph matching and
volume decomposition approach has been ap-
plied by Rameshbabu and Shunmugam (2009) to
recognise manufacturing features from 3D model
data in STEP AP-203.
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2.3.2 Evolutionary algorithms in process planning
Available CAPP systems significantly rely on human process planners to understand
the rules involved in machining operations. When small changes are introduced into
the manufacturing environment such as defining new tools or material, process plans
need to be adjusted by manufacturing engineers. This is mainly because new materials
can not be processed with the similar machining configurations such as feeds, speeds
and cutting force. The most attractive feature of evolutionary algorithm (EA) is the
flexibility of handling various kinds of objective functions with considering dynamic
manufacturing changes. The main procedure for implementing EA-based approach are
generating the initial population, evaluating the fitness of each individual and repeating
the same steps until termination. In this section several EA-based tools used previously
in CAPP have been reviewed.
Artificial neural network (ANN) is an established technique in artificial intelligence
(Wang, 2013). One of the main advantage of an ANN is its ability to learn complicated
relationships between machining parameters. ANN-based systems are mainly structured
by these parameters: the neural net, training of learning rules, input code characteristic
and output node characteristics (Prabhakar and Henderson, 1992). An ANN has several
advantages over the other methods (Yue et al., 2002):
– It can ignore minor errors from input during learning or problem solving.
– It runs faster because the process does not involve searching to parse information
– ANN-based system improves by deriving rules or knowledge through training with
examples
Knapp and Wang (1989) applied machine learning techniques based on if-then rules
for process planning in an ANN-based system. The main limitations of this approach
are complex computations, huge numbers of rules and manual outputs. Yue et al.
(2002) concluded that ANN techniques for feature recognition used in process planning
can eliminate these drawbacks, this is achieved by its ability to recognise incomplete
features, slow computational speed, and its learning capability.
However, there are certain limitations with the use of ANN for both feature recognition
and CAPP, namely, a limited range of features can be recognised, together with a limited
range of component types, and also a lack of robustness (Yue et al., 2002).
Automatic acquisition of process planning knowledge has been implemented previously
(Knapp and Wang, 1992). Parts to be machined are decomposed into machining fea-
tures such as slots, holes and planes. Each feature type is associated with a set of
characterising attributes such as dimensions and tolerances. Every feature is repre-
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sented by a vector that its elements identify the feature type and its attribute values.
Neural networks have been used to find the best sequence of operations for machining
each feature of the part independently.
Santochi and Dini (1996) have demonstrated the applicability of neural networks for
the automated selection of technological parameters of tools in turning such as angles
of cutting edge and corner radius. Neural networks have been used as a programming
tool for the selection of the mentioned parameters.
The classification and coding of parts for group technology applications continue to be
labour intensive and time-consuming processes. A neural network system (Kaparthi
and Suresh, 1991) has been proposed for classifying parts based on bitmaps of the part
drawings. A neural network system is used to generate part geometry-related digits of
the Opitz code from bitmaps of part drawings. Opitz is a coding system used to form
groups in group technology. It has been stated that the proposed system is a useful
tool for the automatic generation of shape-based classes and codes.
Neural networks have been used extensively for selecting optimal cutting conditions
(Park et al., 2000), and can either be trained under supervision (i.e. by providing feed-
back on the learning progress) or be unsupervised. Park et al. (2000) used incremental
supervised learning (Rao et al., 2014), which enables nodes to improve cutting condi-
tions. When a new cutting condition is introduced to the system which yields better
results, the proposed algorithm can adapt itself to this change.
Genetic Algorithms (GAs) are meta heuristic problem solving techniques that are used
in many types of industries and have many applications in solving combinatorial prob-
lems (Renner and Ekárt, 2003). Mathematical problems that arise in manufacturing
processes are often nonlinear and multi-objective. These types of functions are compu-
tationally expensive to evaluate based on deterministic optimisation methods. Genetic
algorithms (Holland, 1992) are stochastic in nature: a random initial population of
results is generated and then an evolution process is used to generate subsequent gen-
erations. In each generation the fittest members of the population are selected and
through the use of a cross over algorithm, combine their genes to create offspring.
Random mutations reduce the probability of the population being stuck around local
optima. The main advantage that GA-based approach has over other CAPP approaches
is in the task of considering the multiple decision-making activities, i.e. machine tools,
cutting tools, tool access directions, and the sequence among the operations. Therefore,
the generated process plan is the best suited among the entire solution space, and the
optimal process plan for a part can be selected. The main drawback of the GA-based
approach is that it could increase the complexity when manufacturing resources are
not identical and work with different capabilities (Li et al., 2005). Also, the amount
of memory or computation time required may become uneconomical when the problem
16
Chapter 2
grows beyond a certain size.
GA has been applied in CAPP by many researchers. GA-based process planning has
been utilised to minimise production costs in turning (Reddy et al., 1998) and milling
(Shunmugam et al., 2000). Tool life, cutting force and cutting power have been modelled
mathematically and then optimised through the use of GAs. GA has been used in
selecting and sequencing operations based on the machining features defined by Zhang
(1997), and mapping these features to the appropriate series of operations (Bierwirth
and Mattfeld, 1999). The goal of such systems are, generally, minimising production
cost, machine changes, setup changes and tool changes.
Among other meta heuristic methods, particle swarm optimisation (PSO) has demon-
strated promising results with increasing the chance of finding an optimal process plan
in a short amount of time (Guo et al., 2009). Like GA, PSO relies on populations but
each individual in a PSO is given a velocity index to move in the direction of the fittest
members of the population. Particles are given an inertia to make sure that they do not
converge too quickly at a local optimum and explore the search space. The distributed
nature of PSO (and the ability to make the necessary calculations in a decentralised
manner), generally reduces the amount of memory and computation time required com-
pared to other evolutionary algorithms such as GA and ANN (Shi and Eberhart, 1999).
PSO has been used in process planning successfully by researchers in areas such as,
setup planning (Kafashi et al., 2012), tool wear monitoring (Gupta et al., 2016) and
operation sequencing (Li et al., 2013).
Most case studies on EA-based process planning are concerned with the optimal se-
lection of machining parameters such as cutting speed, feed and depth of cut. This
is most likely because such problems are relatively easy to model as mathematical op-
timisation problems with clear definitions of objective functions and constraints. In
addition, a number of CAPP studies have been concerned with improving the solution
quality and reducing the computation time (Su et al., 2015). These studies assume that
machining economics involve the optimal selection of machining parameters subjected
to particular resource constraints such as maximum machine feed and speed. But, the
optimal process plan can only be obtained by considering the manufacturing resource
availability and accuracy. The range of cutting feed and speed is normally defined by
machine tool manufacturers. The feasibility of cutting within this range is still based
on the knowledge of process planner.
2.4 STEP-compliant CAPP
As mentioned earlier, process planning is a knowledge intensive task and structuring the
relevant data for supporting process planning decisions is a major challenge. Further-
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more, in design and manufacturing, data incompatibility is very costly. The National
Institute of standards and Technology (NIST) estimated these costs at $90 billion in
the USA (Brunnermeier and Martin, 1999). The reason for this cost is that each system
requires the information to be structured in a different format, so the same items of in-
formation have to be manipulated multiple times. A major survey on the collaboration
and interoperability market conducted by Longview Advisor shows that 100% of origi-
nal equipment manufacturers (OEMs) are exchanging design/manufacturing data with
suppliers (LongView Advisors, 2010). This takes a huge effort, and increases the risk
of errors. Many authorities including international standard organisations have been
seeking a solution to the problem of exchanging product data between dissimilar CAD/-
CAM for decades. Such solutions could provide a suitable foundation for provision of
information to CAPP systems.
Defining a neutral exchange file has been accepted to be a practical solution. As a
result, several standards have been introduced such as SET (1989) in France, DIN 66301
(1987) in Germany and IGES (Smith et al., 1983) in the USA. But, these standards
were only focused on geometric data exchange. Finally, STEP (ISO 10303-1, 1994) was
introduced by International standard Organisation (ISO) as one International standard
for all aspects of technical product data. The differences between two most common
neutral CAD formats which are IGES and STEP are as follow:
An IGES file contains basic CAD information, namely, (i) Design features in 2D and 3D
such as curves, surfaces, and wireframes, (ii) Drafting elements like lines and annota-
tions, (iii) Finite element modelling elements, and (iv) Language and product definition
data.
At first, STEP files covered the same product definition information as IGES, with the
following additions of topology, tolerances, material properties, together with, other
complex product data. The main objective of STEP is to provide a mechanism that
is capable of describing product data, independent from any particular system. The
application of STEP data exchange has been illustrated in Figure 2-2 in black arrows.
In addition to STEP and IGES, other CAD neutral formats have been developed for ex-
chaning design data such as JT (ISO 14306, 2012) and 3DXML (Versprille, 2005).
One of the key strengths of STEP is that it is extensible to represent every major
CAD/CAM system. Recently, STEP-NC (ISO 14649-1, 2003) extension has been in-
troduced to handle NC processes. Dashed arrows in Figure 2-2 shows the application
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Figure 2-2: Application of STEP and STEP-NC across CAD/CAM/CNC (Xu, 2006)
2.4.1 STEP architecture and design
STEP aims to fully cover a product’s data requirements throughout its life-cycle. The
model is thus complicated and has been structured into various parts in five cate-
gories:
• Description methods: the EXPRESS language formalised in ISO 10303-11 (1994)
is the modelling language used in STEP. EXPRESS defines an object-oriented
like language for describing the data structure: concepts such as inheritance (en-
tities inheriting their properties from another ‘parent’ entity) and various types
of attributes are defined. The notion of methods (or actions) however is quite
limited in EXPRESS compared to a modern Object Oriented language like C++
or Java. Realising this potential shortcoming for direct implementation of EX-
PRESS, STEP developers have specified bindings for C, C++ and Java to allow
STEP compliant software development using these languages. Data modelling
with EXPRESS has been well explained by Schenck and Wilson (1994), and it
will be used later to introduce the proposed framework in this research in Chapter
3.
• Implementation methods: specify a mechanism that allows product data repre-
sented using the EXPRESS language, to support bidirectional information flow.
For example, STEP Part 21 (ISO 10303-21, 2002) defines a format for recording
and storing instances of entities modelled in EXPRESS using text files. Imple-
mentation methods define application data in EXPRESS that software developers
can use to store and retrieve data pertaining to a population.
• Application protocols (APs): are a set of standards in ISO 10303 which specifies
an application interpreted model providing data exchange for a particular family
of products. APs are the parts of STEP intended to be applied in industry. For
instance, a data exchange for casting processes has been defined in ISO 10303
part 223 (ISO 10303-223, 2008).
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• Integrated resources (IRs): provide concepts to different application areas to use
in their AP. IRs are normally divided into two groups: generic resources and
application resource. Generic resources (ISO 10303-1, 1994) are fundamental def-
initions of a product such as geometry, materials and form features. Application
resources (ISO 10303-1, 1994) are narrowly specialised for a group of product
family such as finite element analysis and kinematics. Application resources can
be adapted from the concepts defined in generic resources.
• Conformance testing: is divided into two series of STEP parts: conformance
testing methodologies and test suites. Conformance testing methodology and
framework (ISO 10303-1, 1994) describes testing procedure for implementation of
various STEP parts. Test suite (ISO 10303-1, 1994) offers the set of abstract test
cases necessary for conformance testing of an implementation of a AP. Figure 2-3
presents the structure of STEP containing all STEP protocols.
Implementation Methods#21 Physical File#22 SDAI Operations#23 SDAI C++…
Description Methods#11 EXPRESS#12 EXPRESS-I
Conformance Testing#31 General Concepts#32 Test Lab Requirements#33 Abstract Test Suites…
Infrastructure Information ModelsApplication Protocols#201 Explicit Drafting#202 Associative Drafting#203 Configuration Controlled Design…
Application Resource Models#101 Drafting#102 Ship Structures…General Resources#41 Miscellaneous#42 Geometry & Topology#43 Features…
Figure 2-3: High level structure of STEP (Loffredo, 1999)
Using the structure mentioned above, it is possible to define data models for products
and extend them to application protocols using integrated resources. The result will be
a neutral data format which can be used by multiple systems.
2.4.2 STEP-NC structure
Thirty years of effort to develop STEP standards has led to the possibility of using
standard data throughout the entire process chain of manufacturing enterprise. Low
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level G and M codes (ISO 6983-1, 1982) offered very limited information and semantic
content. The main problem with G-codes is that they only provide low level machine
axes movement and switching instructions in a predefined sequence, with no information
given about the desired outcome of the machining. This means a part can be machined,
however there is no way of checking if it adheres to the design, without referring back
to the original drawing.
STEP-NC was thus proposed to alleviate this problem. The standard was firstly intro-
duced in 2003 (ISO 14649-1, 2003) to replace the G&M codes standardised in RS274D
and ISO 6983 (ISO 6983-1, 1982). STEP-NC provides a data model for unambiguously
describing manufacturing tasks for all operations which are necessary to produce a fin-
ished part from raw material. The machining instructions are normally described by a
sequence of these manufacturing tasks so called “workingsteps”. This rich data model
also allows bi-directional information transfer provides process planners with any mod-
ifications at the shop-floor which enables a better exchange of experience. The main
advantage of STEP-NC is that process planners can use the same STEP-NC file for
multiple machine tools. So, process planning does no longer cause bottlenecks for the
manufacturing industry.
The ISO 14649 (ISO 14649-1, 2003) data models describe the machining requirements
for CNC and how to present these requirements combined with product data defined by
ISO 10303 (ISO 10303-1, 1994). Consequently, it can provide an excellent infrastructure
for storing the process plan in a CAPP system. ISO 14649 part 10 (ISO 14649-10, 2004)
specifies the process data that is common for all NC machining processes. These data
models describe the interface between a CNC and the CAM software. Both geometric
and technological information are included in a STEP-NC file. A healthy STEP-NC file
uses ISO 14649 part 10 (ISO 14649-10, 2004) for part description combined with other
STEP-NC parts. Process planner needs to identify the link between ISO 14649 part 10
(ISO 14649-10, 2004), and how it can be used together with various technology-specific
parts in STEP-NC (Zhao et al., 2008). The description of these technology-specific
parts has been listed in Table 2.2.
In a STEP-NC file, the HEADER contains general information about the program
such as file name, author, date and organisation. The DATA section contains all the
information about manufacturing tasks and geometries. STEP-based machining is nor-
mally start with a CAD model defined in STEP, followed by machining instructions
provided by STEP-NC. The STEP-NC file known as part-21 file format is currently the
most popular implementation method for EXPRESS defined STEP data. Figure 2-4
shows the structure of a part-21 file.
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Table 2.2: Currently published parts of ISO 14649
ISO 14649 parts Description Current stage
part 1 overview and fundamental principles IS
part 10 general process data IS
part 11 process data for milling IS
part 111 tools for milling machines IS
part 12 process data for turning IS
part 121 tools for turning machines IS
part 13 process data for sink electrical discharge machining IS
part 14 process data for wire electrical discharge machining IS
part 15 contour cutting of wood and glass CD
part 151 tools for contour cutting of wood and glass CD
part 17 process data for additive manufacturing WD
part 201 machine tool data for cutting processes TS
Key: IS= International Standard, WD= Working Draft, CD= First Committee Draft
, and TS= Technical Specification
Finally, CNC machines have to be able to translate the information defined by STEP-
NC such as workingsteps to axis motion. STEP-NC has been formalised as two ISO
standards namely ISO 14649 and ISO 10303-AP238 (Nassehi, 2007). STEP-NC ex-
tends the ISO 10303 STEP standards with the machining model in ISO 14649, adding
geometric dimension and tolerance data for inspection, and the STEP model for the
bi-directional information transfer between CAD/CAM/CNC systems. In the future,
transferring files between CNC machines would be possible by considering the range of
machine capability. However, CNC machines equipped with STEP-NC controllers are









Description of the file contents
Data container
Encapsulation of the file
Figure 2-4: Structure of a part-21 file (Zhao et al., 2008)
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Impacts of using STEP-NC in CAD/CAM/CNC chain are as follows:
CAD: STEP-NC includes AP238 and ISO 14649. AP238 contains design features,
tolerances and ISO 14649 defines the working steps to machine a part. STEP-NC does
not require CAM software. If the CAD system does not include CAM functionality,
then AP-203 2, AP-214 and AP-224 will become main outputs for CAD.
CAM: STEP-NC allows CAM software to exchange data with other CAM systems.
CNC: STEP-NC gives more information about the product and process to the ma-
chine. This makes CNC machines more intelligent. Also, STEP-NC enables to send
cutting data corrections such as readjusted feeds and speeds back to the designers and
engineers.
Post processors: With STEP-NC it is encouraged that there is no need for post
processors from CAD/CAM systems to generate G-code. The module used instead is
a STEP-NC translator. This translator, converts the working steps in a STEP-NC file
into the machining instructions understood by the CNC.
Process planning: The process planning based on STEP-NC standard contains the
following transformations: A CAD system generates AP-203 2 or AP-224. A process
planning system reads AP-224 and writes AP-240. A CAM system reads AP-240 and
writes AP-238. A CNC system reads AP-238.




AP-203 2, AP-214, AP-224 
AP-240, AP-238
Figure 2-5: Information flow of STEP-NC in CAD/CAM/CNC chain
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2.5 Manufacturability considerations in process
planning
The task of process planning involves a series of activities that seek to define the nec-
essary steps to change the shape of the raw stock to the desired product (ElMaraghy,
1993; Xu et al., 2011; Yusof and Latif, 2014).
The first step is the interpretation of the design which is usually achieved by the aid of
a CAD system. The requirements of the products such as the raw material properties
and the finished tolerances will be studied and interpreted. At this stage, the process
planner will decide if it is possible to machine the part with the available resources. At
present, this decision-making is totally based on the experience of the process planner.
His knowledge about the available cutting tools and the condition of the machines on
the shop-floor affects the process planning outcome.
The next step is to adjust the cutting feeds and speeds. These settings will change
dependant on the material properties such as the stiffness and hardness of the material
(Ridwan and Xu, 2013). Cutting feeds and speeds are normally suggested by cutting
tool suppliers. These settings are collected by machining experiments on different mate-
rials and machines. Thus, the suggested cutting feeds and speeds may not always yield
the expected result. This is mainly because of the external machining factors such as
temperature and vibration. In addition to this, the cutters available in the shop-floor
normally are not in a perfect condition (e.g. no worn or damaged teeth). Also, the
cutting strategies (e.g. tool lead-in/lead-out) used to obtain the optimal cutting feeds
and speeds by tool suppliers, may not be same as the cutting strategies used in a factory
environment.
Finally, the manufacturing processes which can be used to form the part into its fi-
nal shape have to be selected. This selection should be based on the available machines
to accommodate the desired product requirements (Anjum et al., 2013). The available
machining centres which can handle one or multiple machining processes have to be
allocated. This allocation should be based on the capability of the machines such as
available working volume, finished accuracy, available tools, maximum feed and etc.
Currently, process planners utilise their knowledge of the technological capabilities of
various types of machines to select the most suitable machine for a specific job (Wang,
2013). This knowledge can assist planners to generate reliable process plans based on
the available manufacturing resources. In order to facilitate this decision-making pro-
cess, it is essential to understand the machining resources through accessing machine
tool models (Brecher et al., 2009).
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2.5.1 Machine tool models
The result of process planning is highly influenced by functional and mechanical prop-
erties of selected machine tools. Information of functional properties, such as ability to
perform different types of machining operations, is necessary in feature and operation
sequencing (Chryssolouris, 2006). Machine tool models are conceptual representations
of the real machine tool, and provide logical frameworks for representing its functional-
ity in the manufacturing system (Brecher et al., 2009; Vichare et al., 2015). There are
numbers of approaches to represent machine tool model (Kjellberg et al., 2009; Vichare
et al., 2009). These approaches are categorised as follows:
• Graphical simulation: Physical machine elements can be modelled by accurate
graphical representation. This graphical representation provides visual confirma-
tion of machineability based on the kinematic reachability of the machine. Soft-
ware packages such as machine tool builder in Siemens NX (Siemens NX, 2015),
Vericut from CGTech (Vericut CGTech, 2017) and Delmia from Dassault Systemes
(Delmia VNC, 2017) use graphical simulation to show kinematic relationships be-
tween the various physical elements of the machine. It is also possible to model
auxiliary attachments of machine such as clamps, gantries, pallet changers and
etc.
• Process capability representation: Transforming a workpiece from its original
shape can be done by combinations of various technologies such as milling, drilling,
turning and etc. This approach represents the manufacturing resources as a col-
lection of process capabilities (Nassehi et al., 2012).
• Kinematic representations: Kinematic modelling of machine tools offers graph
representation of the links between individual mechanic machine elements. Fig-
ure 2-6 shows the kinematic chain for a 5-axis machine tool. By following the
kinematic chain from workpiece to tool it is possible to find the position and ori-
entation of the tool in respect to machine origin. By calculating inverse kinematic,
it is possible to find axes configuration, which requires complex mathematic com-
putation. Similar modelling approach has been done previously for 5-axis machine
tools by Suh et al. (2003b) and Yuen et al. (2013).
• Unified manufacturing resource model: Vichare et al. (2009) proposed a STEP-
NC compliant Unified Manufacturing Resource Model (UMRM) for representing
information regarding a variety of manufacturing resources in the decision-making
process. The UMRM has been utilised to represent:
– various configurations of conventional CNC machine tools including turning
centres and multitasking turn-mill centres,
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– various auxiliary devices and material handling system configurations preva-
lent in the manufacturing industry,
– a variety of fixturing devices used for enhancing the machine tool’s workpiece
holding capabilities.
• The STEP-NC standard machine tool data model is described in ISO 14649 as the
Part 200 series. Part 201 on milling and turning is now a technical specification
(ISO 14649-201, 2011). Rapid prototype (ISO 14649-17, 2017) and contour cutting
(ISO 14649-15, 2017) machines have already been drafted to be standardised later
as part of the series. The complete details of ISO 14649 standards has been given
in Section 2.4.2.
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research was mainly geared towards the needs of the machine tool builders and 
utilised the hierarchical approach. Yang and Xu [12.18] have presented a machine 
tool data model to support STEP-NC using the hierarchical approach. ASME B5.59-
2 standard also uses the same approach for modelling machine tools.  
Kinematic Representations 
Approaches based on kinematics representations allow valid mechanical movements 
of the machine to be determined based on graphs representing the links between 
individual mechanical machine elements. Suh et al. [12.8] employed kinematic 
representations to allow tool-path simulation on the virtural machine tool. Figure 
12.2 shows the kinematic chain for a 5-axis machining centre using a similar 
convention. 
Figure 12.2. Kinematic chain representation of 5-axis machining centre (adapted from [12.8]) 
By following the kinematic chain from workpiece to tool (or end-effecter in the 
case of other manufacturing resources) it is possible to ascertain the position and 
orientation of the tool if the positions of axes are known. Calculating the axes 
positions based on a required position and orientation is possible too, albeit with 
complex calculations. These calculations entitled “inverse-kinematics” are 
F
1
1 2 2 3 W
4 4 5 4 6 TX-axis Y-axis Z-axis
C-axisB-axis
Z YXLegendF Machine Frame1 Machine Bed2 Rotary Table3 Table4 Slide5 Column6 SpindleT Tool W Workpiece
Figure 2-6: Kinematic chain representation of 5-axis machining centre (Nass hi and
Vichare, 2009; Vichare et al., 2015)
• Other approaches: Suh et al. (2003b) proposed a machine tool model to repre-
sent the manufacturing elements and process mechanics in virtual environment.
Tanaka et al. (2008) presented a semantic model of 5-axis machine centre based
on its kinematic chain.
Various efforts have been made to develop a comprehensive machine tool model to be
used in decision-making. As a part of NIST Rapid Response Manufacturing (RPM)
research (Jurrens et al., 1995), information required by resource models has been clas-
sified as categories, attributes and relationships for development a common representa-
tion of manufacturing resource elements. A knowledge representation language known
as “LOOM” (Wilczynski and Lipkis, 1993) has been used to model industrial CNC
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machine tool structures. However, use of LOOM remained controversial due to the
high start-up cost and difficulty in handling semantic terms in machine tool modelling.
Object-oriented manufacturing resource modelling (OOMRM) (Zhang et al., 1999) ap-
proach has been utilised for describing manufacturing resource capability and capacity
in object-oriented manner. This research has been focused on the structural properties
of the machine such as dimension, part position and tool orientation. Internet based
virtual machine tools has been used (Suh et al., 2003b) to develop a prototype of web
based virtual machine tools representing the geometric model of machine tool and kine-
matic movement of different elements. The machine tool model includes modules for
defining the configuration of the overall machine tool structure, the geometric shape of
mechanical units, and the kinematic relationship between mechanical units.
ISO 14649-201 (2011) has been published to represent machining resources and also
other additional auxiliary devices such as coolant system, cutting tool changing mech-
anisms, probing system and bar feeder. Object-oriented structure uses ISO 14649-201
to classify mechanical resources to their application domains (e.g. material removing
processes, material handling processes, assembly processes, material adding processes
and measurement processes etc.). EXPRESS and EXPRESS-G languages are used to
represent the relationships between these domains as it has enough portability, flexi-
bility, and extensibility. The structural assembly information shown in Figure 2-7 can
be utilised to define a machine tool for various application domains. Table 2.3 listed
the entities used for a typical 3-axis CNC machine definition. Two different definitions
for a machine tool in ISO 14649 part 201 are "machine_tool_specification" and
"machine_tool_requirements". "machine_tool_specification" is used to define
set of capabilities that can be offered by an existing machine tool. "machine_tool_-
requirements" is where the STEP-NC programmer wants to explicitly define what
sort of a machine would be able to make a part. "machine_tool_requirements" is a
set of requirements.
2.5.2 Machining errors
The accuracy of machining can be evaluated either under quasi-static or dynamic condi-
tions. Quasi-static errors are those between the tool and the workpiece that are slowly
varying with time and related to the structure of the machine tool itself. These sources
include the geometric errors, errors due to dead weight of the machines’ components and
those due to thermally induced strains in the machine tool structure. Dynamic errors
on the other hand are caused by sources such as spindle error motion, vibrations of the
machine structure, controller errors etc. These are more dependent on the particular
operating conditions of the machine. Quasi-static errors account for about 70 percent
of the total error of the machine tool and as such, are a major focus of machining error
in this research (Ramesh et al., 2000a).
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Table 2.3: Definition of a machine tool (ISO 14649-201, 2011)
Entity Data model description















location : OPTIONAL locator;
installation : OPTIONAL installation;
nc_controller_information : nc_controller;
environment : OPTIONAL environmental_evaluation;









machining : SET [1:?] OF
machining_capability;




axis : OPTIONAL axis_capability;






























Figure 2-7: EXPRESS-G representation of a machine tool (ISO 14649-201, 2011)
Errors which affect machining accuracy can be grouped into three major classes namely
(I) geometric errors, (II) process errors and (III) thermal errors (Ramesh et al., 2000a).
2.5.2.1 Geometric errors
Geometric errors are those errors that exist in a machine on account of its basic design,
the inaccuracies built-in during assembly and as a result of the mechanical components
used on the machine (Fu et al., 2015). This type of error happens when machine tool
motion structures do not lie perfectly true and deform due to gravity and alignment.
The assembly of mechanical components which maintain a relative position between
specific objects may deform. This will lead to the nominal location of end-effector not
corresponding with the actual location of it in the space. Using jigs and fixtures through
the assembly process of the motion platform can also minimise the risk of having this
type of error. Geometric errors are concerned with the relative motion errors of several
moving machine components that need to move to position tool tip (Zhang et al., 2013).
This error is comprised of straightness error - in how true to a linear axis each guide runs;
squareness error - in how far from 90°each axis lies from each other; and rotational error
- in how each axis is aligned in terms of yaw, pitch and roll (Ibaraki et al., 2010).
ISO 230 defined six errors for a vertical X movement including the positioning error,
two straightness error motions, roll error motion and two tilt error motions. These






EAX: angular error motion around A-axisEBX: angular error motion around B-axisECX: angular error motion around C-axisEXX: linear positioning error EYX: straightness of X in Y directionEZX: straightness of X in Z direction
Figure 2-8: Angular and linear error motions of a component to move along a straight-
line (ISO 230-1, 2012)
Geometric errors form one of the biggest sources of inaccuracy (Stephenson and Aga-
piou, 2016). Also, geometric errors are repeatable, stable and measurable (Fu et al.,
2015). Thus, they are considered as the main indicators of a machine tools’ health
(Parkinson et al., 2012). The geometric error data utilised in this research is adapted
from ISO 230 (ISO 230-1, 2012). Next section reviews other standards released so far
for the health assessment of machine tools.
2.5.2.2 Process errors
The act of processing a part will not be fully consistent on part-by-part basis. The
error which is forced into the machining of a part by external factors in this manner
can be defined as a process error (Agapiou et al., 2016). Process errors are classified
as dynamic errors, as they change each time a part is machined. For instance, cutting
tool which may wear over time, can affect the finished size of products. This can be
compensated manually or automatically by adjusting tool diameter offset in machine
controller (Lei et al., 2014).
Using correct machining feed and speed can reduce the risk of having process errors.
Excessive machining feed can lead to rapid tool degradation as well as poor finish
(Khoshdarregi et al., 2014). Material properties can affect the accuracy of machining.
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This can be seen especially in compound materials such as alloys, composites and ex-
truded materials. In this case the density of the material may change across the body
of material and therefore need different cutting forces during machining.
Excessive cutting force imposed by the machine tool structure is classified as process
error. Minimising the cutting force generated by the dynamic stiffness of the machine
tool can reduce the risk of having this type of error. Available models to predict cut-
ting force error can be used dynamically to compensate this error (Kaymakci et al.,
2012).
Fixturing error can happen by small variations of workpiece clamping location on the
machine bed. Normally, workpiece positioned on the machine bed using a vice or
clamp. Inaccuracy due to poor fixturing may happen especially in high speed machining.
Machining accuracy is tightly linked with the overall rigidity of the machine structure
and the positional accuracy of workpiece.
Process errors may occur in machining in the combined effects of the aforementioned
errors. For example, excessive cutting force may cause fixturing errors. Equally, cutting
force error may generate excessive tool vibration. This may contribute to tool wear and
eventually break cutting tool.
2.5.2.3 Thermal errors
Thermal errors are those that cause small variations in the distance between workpiece
and end-effector due to deformation and expansion of the machine elements which are
caused by heat. Relative movement between the different components of the machine
generates heat at contact zones and this heat results in the expansion of the machine
elements (Ramesh et al., 2000b). Up to 70% of the machining inaccuracy may be caused
by thermal deformation (Jedrzejewski et al., 2008). This error may occur due to ther-
mal expansion of the machine structure, workpiece and tool (Bryan, 1990).
Ideally, machine tools need to be kept in a controlled ambient temperature (Ramesh
et al., 2000b). There are two types of thermal errors in general: The first type is the
thermal errors that changes with the change of temperature but not the axis position.
The second type deals with the thermal errors which can cause deflections in the linear
axes. The effect of the second type error is more significant. There are numbers of
solutions to reduce the thermal errors such as control of heat flow into the machine tool
environment, redesign of the machine tool system to reduce sensitivity to heat flow and
compensation through controlled movement (Ramesh et al., 2000b).
Ramesh et al. (2000b) investigated the thermal errors through three stages: modelling,
measurement and compensation and reviewed each of them in detail. In high volume
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production, the majority of the thermal errors come from the roughing operations where
the rate of stock removal is substantially higher than finish cutting. The magnitude of
the total error caused by heat can be estimated by knowing the thermal expansion co-
efficient of the materials (Yang et al., 1999). This has been investigated on the machine
ball screw and the machine guideway structures. The results show that the ball screw
only affects linear positioning errors, whereas the guide way causes angular errors as
well as linear positioning errors (Yun et al., 1999).
2.5.3 Machine tool testing and verification standards
Standards which have been published on machining accuracy under quasi-static mode
have been outlined (ASME B5.54, 2005; ISO 230-1, 2012). Most of the machine tool
testing and verification standards are focusing on the following areas: (i) Elements of
machine tool errors, (ii) Methods and test procedures for identifying machine tool errors,
(iii) A methodology to evaluate machine tool positional accuracy and repeatability, and
(iv) Guidelines for representing health parameters.
Although a number of standards and guidelines now exist outlining how to evaluate
machine tool positional accuracy and repeatability such as ISO 230 (ISO 230-1, 2012),
VDI/DQG 3441 (VDI/DGQ 3441, 1977), JIS B6330 (JIS B6330, 1980) and GB/T 17421
(GB/T 17421, 2003), they differ in their analysis procedures and in key parameter
definition.
Aforementioned standards have been successfully used to compare performance of dif-
ferent machine tools in the past. To clarify the methods of performance evaluation of
new and reconditioned machines, existing standards on machine tool accuracy has been
outlined. Then, the relevant testing procedures which reflect machine tool health has
been selected. These testing parameters have been used to build machining capabil-
ity profile data model. Developed data model, can be processed to generate periodic
performance checks for any type of machine.
2.5.4 Kinematic models for machine tool accuracy
Kinematics is “a branch of mechanics that describes the motion of points, bodies (ob-
jects), and systems of bodies (groups of objects) without considering the mass of each or
the forces that caused the motion” (Whittaker, 1988). In kinematic modelling, mathe-
matical models of kinematic quantities such as joints and links describing the movement
of the machine tool tip are developed. Kinematic calculations normally start with de-
termining the number of joints and links. Next, transformation matrices are used to
quantify the displacements through the kinematic chain of a machine tool. These trans-
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formations have been extensively represented by Denavit and Hartenberg (1964).
The Denavit and Hartenberg notation relates the position of local reference systems
associated to each element of a spatial manipulator to find the position of the tool
grasped by the manipulator. Denavit and Hartenberg is a systematic way to find the
position of the end-milling tool and has been specially developed for the study of com-
plex spatial manipulators such as three-axis, five-axis or parallel kinematic machines.
In machine tools containing only linear axes, the process of finding the tool tip position
is simple because the orientation of the cutter remains unchanged. In post processing
for machine tools containing rotational axes, the calculation is more complex. This is
because of the varying orientations of the cutters with respect to the workpiece, the
coordinate transformation matrix must be calculated to obtain the tool tip position.
The global transformation matrix T4×4 is obtained by the product of the transforma-
tions between successive coordinate systems associated to the mechanism’s elements,
from the absolute (X0, Y0, Z0) reference system to the tool centre point (t) system (Xt,
Yt, Zt). Thus, this matrix is a function of the geometrical parameters of the mech-
anism’s elements and the position of the machine axes. Each scheme of kinematics
and each machine presents its own transformation matrix T4×4. In the Denavit and
Hartenberg formulation, the origin of the coordinate system is associated with the ith
element and is located on its joint with the element i + 1. The conversion from the(i − 1)th system to the ith system is performed through a number of transformations.
For example, the transformation matrix for a typical five-axis machine shown in Figure
2-9 can be ascertained from the following transformations (Lamikiz et al., 2008):
1. A rotation θi about the Zi−1 axis to bring Xi−1 parallel with Xi
2. A translation di along the Zi−1 axis to make the X axes collinear; this is known
as the distance between elements
3. A translation ai along the Xi axis to make the Z axes coincide
4. A rotation αi about the Xi axis to bring Zi parallel and coincident with Zi+1
The Denavit and Hartenberg matrix Ai for the above individual transformation can be
obtained as follow:
⎛⎜⎜⎜⎜⎜⎝
cos θi − sin θi cosαi sin θi sinαi ai cos θi
sin θi cos θi cosαi − cos θi sinαi ai sin θi
0 sinαi cosαi di




Figure 2-9: Geometrical model of a typical five-axis machine (Flynn et al., 2015)
Global transformation matrix for the series of axes rotations and translations (A1...A5)
can be obtained by Equation 2.1. The relative position and orientation of the tool coor-
dinate system (At) with respect to the workpiece coordinate system (Aw) is expressed
by this matrix.
Equation 2.2 determines the coordinates of a vector in the absolute coordinate sys-
tem ({X}) which can be obtained from the multiplication of that vector inside the
machine working volume ({Xm}) and the global transformation matrix (T ).
T = Aw ×A0 ×A1 ×A2 ×A3 ×A4 ×A5 ×At (2.1)
{X} = T × {Xm} (2.2)
Due to the machine kinematic errors, the result vector ({X}) does not necessarily
represent the actual displacement of the tool tip. This has been investigated by Flynn
et al. (2015) to measure the tilt error in a five-axis machine tool.
Robots are defined as “automatically controlled, reprogrammable multi-purpose manip-
ulators, programmable in three or more axes, which can be either fixed in place or mobile
for use in industrial automation applications” (ISO 8373, 2012). Serial manipulators
and parallel manipulators are the two most popular types of robots that offer dissimilar
kinematic capabilities. The most commonly used robots for the industrial applications
are serial kinematic robots. These robots consist of the end-effector and the base which
are connected by a sequence of links. On the other hand, parallel kinematic robots, are
formed by closed kinematic chains. In these machines the end-effector is connected to
the base by means of several kinematic chains (Merlet, 2006).
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In contrast to serial kinematic machines, parallel manipulators often have complex
kinematic relationships. This complexity is largely due to the closed-loop nature of the
machine structure, where multiple kinematic chains connect to a common end-effector
plate. Therefore, in order to position the end-effector, there must be compliance be-
tween each of the kinematic chains that connect the base to the end-effector. Parallel
kinematic machines (PKM) were originally introduced by Gough and Whitehall (1962).
PKM was used for tire testing and flight simulation for the first time by Stewart (1965).
Since parallel architecture of PKMs help with the flexibility and structural rigidity of
these machines, they have been subject of great interest in industry. Some of the most
extensively utilised parallel manipulator configurations to date include the ’Stewart’
platform, the ’Tricept’ robot and the ’Delta’ robot (Weck and Staimer, 2002b); all of
which are presented in Figure 2-10. PKMs normally classified by the degree of freedom
(DOF) of the end-effector and the actuator and joint arrangement. The number of
DOFs of a parallel mechanism can be any number between two and six. For different
kinematic configurations of PKMs, the reader is directed to the book published by Liu
and Wang (2014).
The accuracy of PKM machines have been identified as a critical point which have
not yet reached industrial application level (Marquet et al., 2002). Thus, the kinematic
error of these machines have been considered as the major contributor to the overall
accuracy of PKMs (Weck and Staimer, 2002a).
mechanisms in general and for lower mobility parallel robots in
particular by tolerance design and kinematic calibration. The most
commonly used methods to deal with tolerance allocation usually
involve solving an optimization problem by minimizing manufac-
turing cost subject to the constraints represented by the specified
allowable pose accuracy, the manufacturing feasibilities, etc.
Building upon statistical or worst case error models, various cost-
tolerance functions have been proposed for minimization, and
several algorithms have been developed for improving computa-
tional efficiency [14–19]. The kernel step in kinematic calibration
is to identify all the source errors affecting the compensatable
pose accuracy using a full/partial set of error data which can be
easily measured in a time and cost effective manner without com-
promising the accuracy of th end results. For the Delta-type par-
allel robots containing parallelograms, the external calibration is
appropriate due to their topological structures in nature, and both
coordinate and distance/one-dimensional-based approaches can be
adopted [7–9,11]. Compared with the coordinate-based approach,
the distance-based approach is invariant with the reference frame
chosen and needlessness to identify the rigid body motion with
respect to the world frame, since robot localization can be made
afterward according to the environment context. In addition, the
conditions of identifiability have been proposed, and various
observability indices have been developed for minimizing the
number of measurements without affecting identification accuracy
[20–23].
Although a number of efforts have been made toward various
aspects in error modeling, tolerance design, and kinematic calibra-
tion of the Delta-type parallel robots [3,7–9,11–14], a comprehen-
sive methodology is still required to merge all threads into a
framework. Therefore, addressing Fig. 1 and taking such a 4DOF
parallel robot as an example, this paper proposes a systematic
approach to improve the geometrical pose accuracy of the robot
by integrating tolerance design with kinematic calibration. The
remainder of this paper is organized as follows. In Sec. 2, a linear-
ized error model containing all possible geometric source errors is
formulated using the first order approximation, allowing the
source errors affecting the compensatable and uncompensatable
pose accuracy to be separated in an explicit manner. In Sec. 3, a
statistical error model of the robot is formulated, leading to an
optimal tolerance allocation by a very simple algorithm built upon
sensitivity analysis. In Sec. 4, parameter identification is carried
out using a simplified error model and distance measurements.
The criterion to minimize the measurements is discussed, and a
linear compensator is designed for the real-time error compensa-
tion. In Sec. 5, experiments on a prototype machine are carried
out to verify the effectiveness of the entire processes proposed
before conclusions are drawn in Sec. 6.
2 Error Modeling
Figure 2(a) shows a 3D view of the proposed 4DOF parallel
robot [2]. It has two identical closed-loop subchains, each com-
prising two identical R-(SS)2 limbs connected between the base at
one end and either subpart 1 or 2 of the traveling plate at the other.
Subparts 1 and 2 are articulated by ball-bearing guideways to sub-
part 3, as shown in Fig. 2(b). The required rotation about the z
axis is then generated from relative translation between subparts 1
and 2 via a rack-and-pinion assembly centered on subpart 3.
In order to formulate the error model containing all possible
geometric source errors, the following points and frames are
defined as shown in Fig. 2(c) where the nominal dimensions of
the links and the unit vectors of the frames are also depicted.
! Cj;i (Aj;i): the central point of the jth (j¼ 1,2) S-joint on the
proximal link (or on subpart 1 or 2) with Ci (Ai) being the





! Bi: the projection of Ci onto the rotatory axis of the R-joint
! Of g ( O0f g): the global reference (body fixed) frame attached





): the local reference (body fixed) frame






): the body fixed frame of the S-joints attached
to the proximal link (or subpart 1 or 2)
As shown in Fig. 2(c), the jth loop closure equation within the
ith limb can be expressed as
r ¼ bi1LiR0;iR1;ie1 þ 1
2
sgn jð Þcc;iR0;iR1;iR2;ie3 þ lj;i l^ j;i
& 1
2
sgn jð Þca;iRR3;ie3 & R ai þ liss^ð Þ
(1)








R1;i ¼ Rot z1;i; hi þ Dhið Þ;
R2;i ¼ Rot x1;i;Da2;ið ÞRot y2;i;Db2;i
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R ¼ Rot x;Dað ÞRot y;Dbð ÞRot z;Dcð Þ
e1 ¼ 1 0 0
& 'T
; e3 ¼ 0 0 1
& 'T
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sgn jð Þ ¼ 1 j ¼ 1&1 j ¼ 2 ; li ¼
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where R0;i is the rotation matrix of
0Big
"
with respect to Of g; R1;i
is the rotation matrix of 10Bi
" #
with respect to 0Big
"
; R2;i is the
rotation matrix of 21Ci
" #
with respect to 10Bi
" #




with respect to O0f g; R is the rotation
matrix of O0f g with respect to Of g; Li ¼ Lþ DLi, lj;i ¼ lþ Dlj;i,
cc;i ¼ cþ Dcc;i (ca;i ¼ cþ Dca;i) are the actual and








), and their errors;
r ¼ r0 þ Dr is the actual, nominal, and error vectors of O0 eval-
uated in Of g; l^ j;i ¼ l^ i þ Dl^ j;i is the unit actual, nominal, and error
vectors of Cj;iAj;i
!!!!
evaluated in Of g; ai ¼ a0i þ Dai is the actual,
nominal, and error vectors of Ai evaluated in O0f g; bi ¼ b0i þ Dbi
is the actual, nominal, and error vectors of Bi evaluated in Of g;
s^ ¼ s^0 þ Ds^ is the unit actual, nominal, and error vectors of slid-
ing direction of part 3 relative to part 1(2) evaluated in O0f g; s ¼
s0 þ Ds is the actual, nominal, and error sliding distance of part 3
relative to part 1(2); hi, Dhi are the nominal angular and encoder
offset of BiCi
!!!
; Da0;i; Db0;i; Da2;i; Db2;i; Da3;i; Db3;i are the
Fig. 2 A computer-aided design model and kinematic diagram
of the parallel robot with articulated traveling plate
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orientation matrix Ri of Bi−uiviwi with respect to O−xyz can also
be formulated in a similar manner.
Ri = !c!ic"i − s!is#is"i − s!ic#i c!is"i + s!is#ic"is!ic"i + c!is#is"i − c!ic#i s!is"i − c!is#ic"i
− c#is"i s#i c#ic"i
"
= #ui vi wi $ %2&
where !i is the structure angle between the x and xi axes and ui,
vi, and wi are the unit vectors of Bi−uiviwi measured in O−xyz.
3.2 Inverse Position and Velocity Analyses. The position
vector of the point O! is given by
r = rw %3&
r = bi + qiwi − ai, i = 1,2,3 %4&
where r is the length of the UP limb; ai=Rai!, ai!, and bi are the
constant position vectors of Ai and Bi measured in the O!−uvw
and O−xyz frames, respectively; and qi is the length of the ith
UPS limb %i=1,2 ,3&.
Given r= %x y z&T, the inverse position analysis results in
r = 'r', w =
r
r
" = arcsin%wx&, # = arctan%− wy/wz&
qi = 'r + ai − bi', wi = %r + ai − bi&/qi, i = 1,2,3 %5&
"i = arcsin%cos !iwix + sin !iwiy&
#i = arctan( sin !iwix − cos !iwiy
wiz
)
Taking the derivatives of Eqs. %3& and %4& with respect to time
yields
r˙ = r˙w + r!$ w %6&
r˙ = q˙iwi + qi!i $ wi −!$ ai, i = 1,2,3 %7&
where r˙ and ! are the velocity of the point O! and the angular
velocity of the UP limb and !i is th angular velocity of the ith
UPS limb.
Taking the dot product with wi on both sides of Eq. %7& leads to
wi
Tr˙ + %ai $ wi&T! = q˙i, i = 1,2,3 %8&
Taking the dot product with u and v, respectively, on both sides
of Eq. %6& gives
uTr˙ − rvT! = 0
%9&
vTr˙ + ruT! = 0
The constraints imposed by the U joint of the UP limb prevent any
rotation about an axis perpendicular to the plane %instantaneously&
containing the axes of its inner and outer rings. Thus,
nT! = 0 %10&
where n=u!$v and u! is the unit vector of the rotation axis of
the outer ring of the UP limb. Rearranging Eqs. %8&–%10& in matrix
form yields
Jx˙ = "˙ %11&
where
J = *JaJc +, x˙ = ( r˙! ), "˙ = ( q˙03$1 ), q˙ = ,q˙1q˙2q˙3 -
Ja = !w1
T %a1 $ w1&T
w2
T %a2 $ w2&T
w3
T %a3 $ w3&T






In the terminology defined by Joshi and Tsai #19$, Ja is known as
the Jacobian of actuations because each row in Ja represents a
unit wrench of actuations imposed to an unconstrained active UPS
limb. As a counterpart of Ja, Jc is known as the Jacobian of
constraints because each row in Jc represents a unit wrench of
constraints imposed on the properly constrained passive UP limb.
J is a 6$6 matrix, known as the overall Jacobian, which is
readily evaluated for use in the stiffness modeling that will be
addressed in Sec. 4.
Fig. 1 The Tricept robot
Fig. 2 Schematic of the Tricept
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(a) (b) (c)
Figure 2-10: Different kinematic structure of PKMs: (a) Stewart platform (b) Tricept
robot (c) Delta robot (Weck and Staimer, 2002b)
2.5.5 Machine tool health capturing techniques
A healthy machine tool is defined as a machine tool that its performance has been
checked though a series of tests against the machine tool specifications. Since the
introduction of the machine tool capability profiles by Newman and Nassehi (2009),
several machine tool modelling techniques have been prop sed o apture and store the
condition of machines. All of these researches are focused on represe ting machine tool
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components using data models. Vichare et al. (2015) used STEP structure to model
machine tool health, this model has been presented using ISO 14649-201 (2011) to model
a machine tool. The data model presented in Vichare et al. (2015) has been incorporated
with machine tool testing standards such as ISO 230-1 (2012). The methodology stated
in (Fesperman et al., 2015) has been used to generate a profile of machine. The geometric
errors of the machine have been saved in the format of eXtensible Markup Language
(XML). The proposed methodology has been used to evaluate the performance of a
machine virtually. A formal ontology approach for presenting machine tool health
condition has been used in Sadeghi and Farhad (2013). The ontological reasoning used
in this research has been tried in macro process planning stage.
2.6 A critique of the process planning approaches
Researchers are focused on optimising process planning system to achieve the following
goals (Alting and Zhang, 1989):
• Generating process plans without human intervention (Xu et al., 2011)
• Updating existing process plans based on available information on machines, cut-
ting tools, feeds and speeds (Ridwan and Xu, 2013).
• Capturing the knowledge of the skilled process planners to automate plans for
group of components (Wang, 2013).
• Optimising machining time and cost (Chryssolouris, 2006)
Their efforts have undoubtedly achieved certain level of success; however, few CAPP
systems have gained industry acceptance. This could be attributed to the following
shortcomings in terms of problem modelling:
1. Most reported CAPP systems are designed based on the assumption that machine
tools work on their best ability. However, there are huge numbers of factors which
influence on machining capability such as kinematic errors, geometric errors and
thermal errors.
2. Machine tool models used by CAPP systems do not represent machine tool health
efficiently. For example, kinematic model of machine tools defined in ISO 10303
part 105 (ISO 10303-105, 1996), only focuses on the geometric representation
of kinematic chain, and there are limited applications on the provided model.
Therefore, decision-making based on these machine tool models is not reliable.
3. Decision-making techniques used in the reported literature (Alting and Zhang,
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1989; Li et al., 2010b; Xu et al., 2011) are not capable to accommodate various
machining parameters. The reasoning method used in these CAPP systems do
not support machining complexities and thus the results can not be trustworthy.
In previous years major efforts have been made to design an expert system for manu-
facturing process planning such as intelligent tool selection (Fernandes and Raja, 2000;
Lim et al., 2001), automated setup planning (Choi and Xirouchakis, 2014; Hebbal and
Mehta, 2008) and computer aided operations selection and sequencing (Gen and Lin,
2014; Krishna and Rao, 2006). In reality, machine tools are not working on their ideal
condition, and most of the time they fail to deliver quality parts. Errors may affect
on the finished part quality are geometric errors, kinematic errors, thermal errors, cut-
ting force induced errors and fixturing errors (Khodaygan, 2014; Ramesh et al., 2000a).
There errors effect on machine tool health over its operational life span, and cause lots
of variations in delivered tolerances.
With the complexity that exists in the CAD/CAPP/CAM chain for delivering efficient
and well-structured process plans, the CAPP function has been limited most of the time.
Also, integrated CAD, CAM and CAPP software such as Catia, NX, Pro/Engineer and
Inventor has not effectively satisfied industry so far (Vichare et al., 2009, 2015). The
ultimate goal in CAPP is the ability to automatically generate production plans for new
products, or dynamically update production plans on the basis of resource availability
(Horvath, 1996). Although, machining resources availability and capability have to
be considered through entire CAD/CAPP/CAM chain, however, lack of having this
knowledge can deliver poor and unreliable process plans.
The recently developed standard which addresses this issue is ISO 14649 part 201 (ISO
14649-201, 2011). Two separate data models have been introduced to describe machine
tools. ‘machine_tool_specification’ and ‘machine_tool_requirements’ data
models cover milling machines, drilling machines, turning machines and multi-tasking
machines. ‘machine_tool_specification’ is used to define set of capabilities that
can be offered by an existing machine tool. ‘machine_tool_requirements’ is where
the STEP-NC programmer wants to explicitly define what sort of a machine would
be able to make a part. Both data models extend ‘machining_capability’ and
‘machining_capability_profile’ . However, the applications of these data models
are limited to a few capability parameters such as numbers of tools, maximum spindle
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Careful consideration of the literature presented in this chapter leads to the identifica-
tion of the following gaps in the state-of-the-art:
(i). There is no available machine tool model for capturing actual capability of man-
ufacturing resources. The available machine tool models only provide the infor-
mation about the nominal state of the machines to process planning systems and
capturing the actual status of machine tools has not been a focus of the reviewed
literature.
(ii). There are no approved CAPP systems which consider process capabilities such as
tolerance and surface finish throughout a machine life as it degrades.
(iii). Capability profiling or capture of historical health has been addressed in other
domains such as healthcare (Wang et al., 2018), robotics (Seiger et al., 2015) and
warranty (Humphreys et al., 2002). In the area of machining, research has been
done to capture actual machine capability. These works have been reviewed in
Section 2.5.5. Most of these studies are focused on representing machine tool
conditions using data models. However, a validated integrated framework for
process planning based on actual machine status is still missing.
This research endeavours to fill this gap by proposing and validating the CAPPable
framework as presented in Chapter 3 onwards.
With the extensible nature of STEP and availability of the EXPRESS data modelling
language, the STEP-NC standard can be augmented to develop a machining capability
profile. The author believes that this approach would be appropriate for development
of the CAPPable framework because:
• STEP-NC standard provides process planner with machining processes to manu-
facture a part. Provided machining tasks in STEP-NC can be used to develop a
capability profile since machining operations are known at this stage.
• STEP-NC contains product requirements in data model structure which can be
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used for reasoning purposes. The data model is also computer understandable to
assess the capability of machine.
• STEP-NC extends the ISO 10303 STEP standards with the machining working
steps in ISO 14649, adding geometric dimension and tolerance data for inspec-
tion. Providing tolerances by STEP-NC, it is possible to compare the machining




Specification of a capability based
process planning framework
3.1 Introduction
This chapter introduces the reader to the overall concepts and specifications for the
research. It is divided into the design of the CAPPable framework, manufacturing
capability profile descriptions and machine tool models. Process plans are generated
based on the nominal capability of manufacturing resources can result in the rejected
parts. This is due to fact that, manufacturing resources degrade over their operational
life. Nominal resource models are not capable to express this degradation since they
are not based on the actual manufacturing resource status. This chapter will describe
the theories and methodologies that were used to achieve the research goals and the
objectives defined in Chapter 1.
3.2 Overview of capability based process planning
At present, process planners utilise their knowledge of technological capability of various
types of machines to select the most suitable machine for a specific job. Figure 3-










Raw Material Finished Part
Manufacturing Resource CapabilityInformation
Actual Machining Resource
Computer Aided Process Planning System
Figure 3-1: Functional view of process planning adapted from Newman and Nassehi
(2009)
Although as reported in Chapter 2 significant research has been undertaken in the area
of CAPP systems, still these systems are not fully automatic. In order to make the
process fully automatic or to provide better information to the process planner who
oversees the function of the semi-automatic decision support system, the actual status
of machining resources need to be added to the current CAPP systems. This has been
identified as a requirement on the available CAPP systems (ElMaraghy, 2007; Li et al.,
2010b; Xu et al., 2011).
In order to enable the process planning system to determine the most effective plan with
respect to the actual available resources, it is necessary to provide resource information
that reflects the status of the physical devices at the time that they will be utilised for
manufacturing the part. This time-sensitive image of the resource, called by Newman
and Nassehi (2009) a capability profile, is a representation of the capabilities that a
specific machine tool will be able to provide in a specific time on a particular product.
Figure 3-2 illustrates how the existence of the capability profile influences process plan-
ning based on actual resource information and provides the overall framework for a
Computer Aided Process Planning system based on actual machine capability (CAP-
Pable). The capability profile can be generated by many techniques including prediction
and online monitoring of resources and is subjected to policies set by the user. Regard-
less of the generation technique, it is imperative that the profile is associated to the
representation of the resource within the manufacturing information. The CAPPable
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framework can then utilise this resource capability profile instead of the nominal re-
source information to create a capability adjusted process plan.
Manufacturing Resource Capability Profiling
Determination of Actual Resource State Process Planning
Machining
Nominal Resource InformationResource DegradationInformation






Raw Material Final ProductProduction Resource




Figure 3-2: The functional model of process planning based on manufacturing capability
profiles (Newman and Nassehi, 2009)
Strong reliance over the knowledge of operators to select appropriate machine tools
based on their experience is now considered obsolete in current CNC manufacturing
(Azab, 2016). This manual approach reduces the repeatability and the effectiveness of
a manufacturing company in realising the full production potential (Stock and Seliger,
2016). So, there is a major requirement to seek standardised methods to represent
manufacturing resource health.
This recent trend of automation and data exchange in manufacturing technologies has
been introduced by Industry 4.0 with the goal of intelligent, resilient and self-adaptable
machines (Kagermann et al., 2013). To accommodate this, machine tools are required
to become aware of other manufacturing resources within the factory environment. In-
terconnected sensors and controllers can be used to support this communication (Lee
et al., 2016). Using these sensors, machine tool data can be stored, accessed and ex-
changed across the different factories (Wang et al., 2016). Based on Industry 4.0, in
smart factories, cyber-physical systems control physical processes, create a virtual copy
of the physical machines and make decentralised decisions throughout the supply chain.
A cyber-physical system (Baheti and Gill, 2011) is defined as transformative technolo-
gies for managing interconnected systems between its physical assets and computational
capabilities.
Product models are well established commercially at the design phase with information
relating to geometry, tolerances, functional capability, assemblies such as ISO 10303-
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1 (1994) and ISO 14649-1 (2003). However, for developing a machining capability
profile there is a need for machining resource data models, which can be utilised to
represent machine tool functionality and consequential process capabilities for allocating
resources for process planning and machining. This has been partially fulfilled by the
emergence of ISO 14649-201 (2011), but additional machine capability data models
have to be developed for the full assessment of the machineability of a part. As a result
of this decision, the additional aspects of the data model have been developed using
the EXPRESS data modelling language and are presented using the standard graphical
representation of EXPRESS known as EXPRESS-G (ISO 10303-11, 1994).
3.3 EXPRESS
ISO 10303-11 (1994) is the international standard which defines the formal language
known as EXPRESS to describe STEP-data requirements. EXPRESS is used to define
data entities, attributes, inheritance, relationships, rules and constraints. It defines
entities, application’s objects, through focusing on its properties and constraints of
an application domain. Object oriented language in EXPRESS allows users to define
data types and object instances. EXPRESS can represent simple, aggregation, named,
constructed and generalised data types. Table 3.1 lists the major categories of EX-
PRESS data types and the included data types in each category. The description of
each category has been given in Section 3.5.1.
Table 3.1: EXPRESS data types classifications
Simple data types Aggregation data types Named data types Constructed data types
Number Set Entity Select






The modelling mechanism in EXPRESS allows to define supertype/subtype inheritance
relations. In addition, it allows for specifying an instance of supertype to be one of its
subtypes, or to be of more than one of its subtypes using ANDOR or AND constraints.
Functions within EXPRESS can operate a defined algorithm on its parameters to pro-
duce a single result value of a specific data type. EXPRESS also includes some built-in
functions to evaluate mathematical expressions. Expressions can also be specified within
EXPRESS; they are a combination of operators, operand and function calls to evalu-
ate a value. There are arithmetic, logical, relational, membership and other operators
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that are defined to assist and extend the described EXPRESS capabilities as a data-
requirement specification language.
EXPRESS-G, presented in ISO 10303-11 (1994), is a STEP graphical tool that aids the
understanding of modelled data requirements using EXPRESS. Although EXPRESS-
G can represent all data requirements, it does not have a defined way to represent
modelled rules and constraints involved within an EXPRESS data model. Figure 3-3
shows the symbols used in EXPRESS-G to represent different data types and entity
relationships defined in the EXPRESS model. Figure 3-4 uses an example of data
requirements represented in EXPRESS-G and its related EXPRESS descriptions are as
follows:




ABSTRACT SUPERTYPE OF(ONEOF(female, male));
firstName : STRING;
lastName : STRING;
nickname : OPTIONAL STRING;
birthDate : date;
children : SET [0:?] OF person;
hair : hairType ;
DERIVE
age : INTEGER := years (birthDate);
INVERSE
parents : SET [0:2] OF person FOR children;
END_ENTITY;
ENTITY female SUBTYPE OF (person);
INVERSE
husband : SET [0:1] OF male FOR wife;
END_ENTITY;
ENTITY male SUBTYPE OF (person);
wife : OPTIONAL female;
END_ENTITY;
The person entity represented in this example can be one of two subtypes; they are
male and female entities. The person entity has four mandatory but two optional
attributes. Hair type, birth date, first name and last name are a must attributes;
age attribute is derived, while nickname and children are optional attributes, as some
persons may not have a nickname or children. The figure indicates that a person has
one first name , last name, hair type and optionally a nickname while for a person
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having children, this could be from one to many children. The male entity could have a
wife attribute that is represented by a female entity; this relation is inverted such that
the female entity has a husband attribute that is represented as a male entity.
ISO/TS14649-201 






The following section shows the EXPRESS-G figures of this part of ISO 14649 : Machine Tool Data. According to 
the notation of EXPRESS-G the used symbols and their respective meaning are listed in brief. 










Symbol for a schema.
Symbol for a entity.
Predefined type like boolean, real, or string.
Use defined types.
Enumeration line [left, right].
Reference onto this page from other pages.
RefNo will be unique within this page.
Reference to the named definition onto another page.
Definition accessed from another schema via 
USE statement.
Relationship for attributes.
Relationship for optional attributes.
Relationship between supertype and subtype (inheritance).  
ls for a schema.
 for a entity.
e e type like b olean, real, or string.
r defined types.
 line [left, right].
efernece onto this page from other pages. RefNo will be unique within this page. Reference to the name definition onto another page. ion a cess from another schema via USE statement.l ti s i  for attributes.io s  for optional atributes.Relationship between supertype and subtype (inheritance).



















Figure 3-4: EXPRESS and EXPRESS-G illustrative example
45
Chapter 3
3.4 CAPPable data model
Machine tools are degrading over their operational life, and the data related to this
degradation needs to be stored on the presented framework. For this reason, the
database ‘machining_capability_data_point’ has been introduced. This database
stores historical health data of a machine tool. ‘machining_capability_data_point’
stores the machine tool health data collected from measurement tools such as a touch
probe or a laser interferometer. Thus, it is essential to determine the factors affecting
the machining results throughout the use of the CAPPable. This has been investigated
in Section 2.5.2. Next, the machine tool health database is integrated with the machine
tool capability profile defined in top level. The proposed framework can be used to
evaluate the performance of different machine tools.
‘machining_capability_profile’ has been introduced by the author so that any
machine tools with different capabilities can be added to the above definition. The
capability data model developed for the proposed system, extends ISO 14649 part 201,
and it is fully compatible with other STEP-NC standards. This has been illustrated in
Figure 3-5. The developed data models have been surrounded with the red box, and
the extended ISO 14649 part 201 data models have been surrounded with the dashed
red box in Figure 3-5.
The main advantage of the aforementioned system, is that it enables process planner
to make decisions based on the actual condition of the machining resources. Also,
CAPPable provides process planners to work based on the design requirements. The
extended STEP codes include dimensions and tolerances required for machining a part.
CAPPable is an extension to STEP and STEP-NC platforms. So, it uses the informa-
tion from design stage to decide whether it is possible to deliver the tolerances defined
in STEP. This decision-making can be based on STEP-NC code which contains ma-
chining working steps and operations required to finish a job. A degraded machine tool
can still be suitable for some jobs depending on the required tolerances. CAPPable can
decide whether a degraded machine can meet design specifications considering design
tolerances and dimensions. The following entities added to the data model description
defined in ISO 14649 part 201 to store capability profiles:
ENTITY machining_capability_profile;
its_machine_tool : machine_tool;
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c a p a b i l i t y 
data model
Figure 3-5: Connection of the proposed data model to ISO 14649-201
The top level structure of the machining capability profile data model is presented in
Figure 3-6. From this figure a machineability capability profile consists of:
• Kinematic capability
• Feed and spindle drives capabilities
• Tooling capability
• Axes capability
• Working area capability
• Machine overall capability
This CAPPable data model has been designed to add the machine tool health data to
the machine tool data model defined by ISO 14649 Part 201 (ISO 14649-201, 2011).
The CAPPable data model can be fully integrated with other parts of the STEP-














Figure 3-6: Express-G diagram of the proposed data model for machining capability
profile
(i). Kinematic capability: Machine tools with different designs can locate their
axes in different ways to machine the same part because they have different kinematic
configurations. Because of kinematic arrangement, it is necessary to study the effects of
various machine kinematic configurations on the movement of each machine tool axis.
This problem can be more complex on parallel kinematic machines (PKMs) which offer
multiple joint actuators. Also, it is common in industry that machines suffer from re-
duced operational workspace due to presence of internal singularities and self-collisions.
The ability of a machine to locate its tool tip within the machine tool workspace,
without collisions or singularity effects is defined as kinematic capability. Figure 3-7
represents the structure of kinematic capability designed.
(ii). Feed and spindle drives capabilities: Feed drives are used to locate the
machine tool components carrying the cutting tool and part to the programmed lo-
cation; therefore, their positioning accuracy determine the quality and productivity of
machine tools. Feed and spindle drive capabilities represent the requirements of feed
and spindle drives to cut the material out of the workpiece. Feed drive capability covers
feed drive specifications such as the range of cutting speed, resolution and feed force.
Spindle drive capability represents the Z-axis specifications such as power consumption
and torque rate. Various types of feed drives used in CNC manufacturing has been
reviewed by Altintas et al. (2011). EXPRESS-G diagrams for feed and spindle drives
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three_axis_kinematic : This attribute specifies a mechanism which represents the kinematic structure of the three axes machine tool.four_axis_kinematic : This attribute specifies a mechanism which represents the kinematic structure of the four axes machine tool.five_axis_kinematic : This attribute specifies a mechanism which represents the kinematic structure of the five axes machine tool.parallel_kinematic : This attribute specifies a mechanism which represents the kinematic structure of the parallel kinematic machine.
















its_resolution : This attribute specifies the smallest increment of scale which linear axes can travel. its_max_feed : This attribute specifies the maximum programmable cutting feed.min_rapid_speed : This attribute specifies the minimum rapid traverse speed. max_rapid_speed : This attribute specifies the maximum rapid traverse speed. its_feed_accuracy : This attribute specifies the accuracy of the feed drive stated in the machine too handbook. its_feed_force : This attribute specifies the cutting force generated from the feed drive. 
















its_spindle_accuracy : This attribute specifies the accuracy of the spindle drive stated in the machine tool handbook. its_min_rpm : This attribute specifies the minimum drive speed of the spindle during the operation. its_max_rpm : This attribute specifies the maximum drive speed of the spindle during the operation.its_torque : This attribute specifies the drive torque of the spindle during the operation. its_power : This attribute specifies the maximum spindle power during continuous operation.  
Figure 3-9: spindle_drive_capability entity representation
(iii). Tooling capabilities: This part of the machining capability profile stores the
current condition of available cutting tools in a database. Cutting tools have significant
effect on surface roughness of the machined part (Zahid et al., 2014). Process planners
normally program machines in CAM based on the nominal values they can find on their
old programs or files. However, reconditioned or worn tools do not have the nominal
values on the shop-floor. In this situation, CNC operator enters the new values for
cutter radius and cutter length manually or using sensors. This helps the machine to
follow the compensated tool path. Having access to the actual tool dimensions can help
process planners to enter actual value for tools at an earlier stage.
ISO 14649 Part 111 defined milling tool data models which can be incorporated with
any STEP-NC files. With the cutter definition in ISO 14649-111, each feature can be
linked with a specific tool. The properties of this tool can be saved in a separate data
model in database named cutting tool dictionary in this research.
Each tool needs a tool holding method to be fixed in the machine. The large majority
of tool holders clamp cutting tools, while some tool holders may attach to another
tool holder for extending cutting tool length. Generally, each tool holder has a tool
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Table 3.2: Machining tool selection based on workpiece material
Workpiece material Insert material
Machining ferrous materials with the Rockwell hardness between 40 and 70 PCBN
When good surface quality is required Cermet
General machining of aluminium, cast iron and non-ferrous metals Uncoated carbide
Woods, plastics and composites Tungsten carbide
locating socket and shank. A tool locating socket holds another machine element and
shanks is used to locate a tool holder in another tool locating socket (Vichare et al.,
2009). Also, recently introduced tooling aggregates can be used for soft materials such
as solid wood, MDF, aluminum. This improve the manufacturability of these materials
by adding various cutting angles on machine head.
There are some general rules in any manufacturing system which can be adapted for
decision-making. For example, Table 3.2 lists appropriate tooling for cutting different
materials. Also, the geometry of the machining feature requires the following attentions
(Sang and Xu, 2013):
1. The radius of the cutter should be smaller than the orthogonal radius of the
feature being machined.
2. The radius of ball end mill should be smaller than the planar radius of the pocket
bottom
3. The ball end mill should not be used for cutting a hole with a conical bottom.
EXPRESS-G diagram for tooling capability has been graphed in Figure 3-10.
(iv). Working area capability: This part of machining capability profile represents
the ability of a machine to locate a part inside its envelope. The actual positioning capa-
bility of axes has to be defined in this profile as well as real working boundary above the
machine worktable. Large companies have various machine tools with different working
area, and selecting the best option for machining needs to have experience about the
actual machining area that machines can deliver. This can be done by understanding
the accessible points within the workpiece surface by the cutter. Also, different setups
of a workpiece may result in different tolerances. EXPRESS-G diagram for working


















its_idmax_number_of_tools : This attribute specifies the maximum number of tools that a tool magazine can store. max_tool_dia : This attribute specifies the maximum diameter of tool that a tool magazine can store.max_tool_height : This attribute specifies the maximum length of tool that a tool magazine can store. its_tool : This attribute specifies the information needed for description of cutting tools for milling. its_tool_life : This attribute specifies the nominal tool life of a milling tool.its_type : This attribute specifies the type of the tool defined in ISO 14649-111.its_id : This attribute specifies the tool id that identifies the tool. 
Figure 3-10: tooling_capability entity representation
(v). Axes capability: is the ability of machine tool to place machine tool’s axes in
the accurate and repeatable location is termed axes capability. For any type of machine
tools, accuracy and repeatability can be degraded during machine tool’s operational
life cycle. The possibility of compensating linear and rotary displacement from actual
point has to be measured with periodic ball bar and laser interferometer test. These
equipments can be used to periodically check the status of machine tools in shop-floor.
After experiment, critical errors have to be ranked and identified in terms of their
impact on machine’s ability to position accurately. The ball bar test represents 18
different errors sources such as squareness, cyclic error, stick-slip, reversal spikes, scale
mismatch, machine vibration, servo mismatch and backlash standardised by ISO 230-1


























max_load : This attribute specifies the weight of the machine. max_x_travel, max_y_travel, max_z_travel : These attribute specify the maximum programmable axis travel of each linear axis for milling operation. turning_dia_over_cross_slide : This attribute specifies the maximum diameter that a lathe machine can revolve over cross slide. turning_dia_over_bed : This attribute specifies the maximum diameter that can be turned on a lathe without hitting the lathe bed. distance_between_centres : This attribute specifies the distance between the centre of headstock and the centre of tailstock. max_v_travel, max_u_travel, max_w_travel : These attribute specify the maximum programmable axis travel of each linear axis for turning operation. 
Figure 3-11: working_area entity representation
(vi). Overall capability: This contains various capabilities of machine tool elements
for selected machining operations. The capabilities of individual machine tool element
such as controller model, its semantics and number of axes can influence on the total
capability of machines. Process plans generated based on the capability profile of these
elements, are more compatible with controller semantics and also machine know-how


























its_test_method : This attribute specifies the method used to capture the accuracy of the machine axes such as ball bar and laser interferometer. its_axes_accuracy : This attribute specifies the set of accuracy that machine axes can deliver.plane_xz_squareness, plane_yz_squareness, plane_xy_squareness : These attributes specify the captured squareness values in XZ, YZ and XY planes. its_movement_along_x, its_movement_along_y, its_movement_along_z : These attributes specify the captured straightness values along X, Y and Z directions. setup_location_x, setup_location_y : These attributes specify the setup point of the test device across the machine bed. 































its_straightness_yx_error : This attribute specifies the straightness value of X in Y direction. its_straightness_zx_error : This attribute specifies the straightness value of X in Z direction. its_linear_xx_error : This attribute specifies the linear positioning error in X direction. its_angular_error : This attribute specifies the angular error motion around A axis. 

































its_straightness_xy_error : This attribute specifies the straightness value of Y in X direction. its_straightness_zy_error : This attribute specifies the straightness value of Y in Z direction. its_linear_yy_error : This attribute specifies the linear positioning error in Y direction. its_angular_error : This attribute specifies the angular error motion around B axis. 































its_straightness_xz_error : This attribute specifies the straightness value of Z in X direction. its_straightness_yz_error : This attribute specifies the straightness value of Z in Y direction. its_linear_zz_error : This attribute specifies the linear positioning error in Z direction. its_angular_error : This attribute specifies the angular error motion around C axis. 












max_axes_number : This attribute specifies the number of axes controlled simultaneously by the NC controller. its_semantic : This attribute specifies the properties of the machine tool numerical controller. its_type : This attribute specifies the classification of the machine tool based on its main function. 
Figure 3-16: overall_capability entity representation
The UML activity diagram of the tests required for capturing the capability profile
of a CNC machine has been depicted in Figure 3-17. Figure 3-17 shows the flow of
information to capture the capability of a machine using CAPPable. Figure 3-17 also
presents the MCP libraries developed to determine the capability of machine tool com-
ponents. First, the information required to check the overall capability of a machine
such as the number of axes is delivered to the next stage which checks the working
envelope of the machine. After both are approved, cutting tools and cutting feeds and
speeds are selected. Next, the capability of axes is assessed such as the accuracy of
spindle and feed drives. Finally, the structure of the machine is analysed to determine
the kinematic capability of the machine. After all of these criteria passed, CAPPable
decides whether it is possible to manufacture the part or not. The decision points are
placed after the each of the capability checks. Thus, CAPPable will not proceed if any
of these capabilities can not be provided by the machine.
Companies with various types of machine tools can have access to their machine tool
health data through the MCP libraries defined above. Additionally, informing factories
with their current manufacturing capability enables them to re-use from their machining
resources that have been degraded over time. Another end-user of the above framework
could be the new generation of intelligent NC controllers. Intelligent NC controllers are
able to adapt themselves to the recent MCP file stored in controller to respond quickly
and efficiently in product life cycle domain.
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Figure 3-17: UML activity diagram of manufacturing capability checks
3.5 Computer aided process planning system
The CAPPable framework has been implemented on a Java platform, that has been
developed for STEPMAN project (STEPMAN Project, 2015). This implementation
contains all the data resources to implement CAD/CAM/CNC transformations. The
system design of CAPPable includes two main parts, STEP-NC platform and MCP
file which use EXPRESS language to define manufacturing entities. Both use object-
oriented database language for ease of use in Java programming environment.
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3.5.1 The EXPRESS-based MCP data model
Developed MCP schema contains following EXPRESS elements:
• Entity: is the datatype used to define data models in EXPRESS. Entities can
be related to each other in a sub-supertype networks or by the specification






its_feed_force : OPTIONAL velocity_measure;
its_feed_accuracy : OPTIONAL REAL;
its_resolution : OPTIONAL REAL;
its_max_feed : velocity_measure;
END_ENTITY;
• Defined datatypes: creates a new datatype based on another datatype. This is
done by adding constraints to the previously defined datatypes and storing them
with new names. For example the following example defines a new datatype which
is of type ‘REAL’ :
TYPE velocity_measure = REAL;
END_TYPE;
• Enumeration: can be used when an item of data can only get a value from a
limited number of strings. In the case that an ‘ENUMERATION’ type is declared
extensible it can be extended in other schemas. The following example shows how
an ‘ENUMERATION’ is used to define the different types of machine tools:








• Select: is used to select between different Entity types. This allows an attribute
or variable to be one of several possible values. In the following example ‘SELECT’
is used to define the possible types of values for dimensioning:




• Simple data types: These data types are defined to represent simple containers
for individual items of data such as String, Binary, Boolean, Integer and Real.
For example, ‘length_measure’ accepts all the real values in MCP schema.
• Aggregation data types: It is often necessary to represent data that is aggregate of
other data types. EXPRESS allows various kinds of aggregation, these are: SETs,
BAGs, LISTs and ARRAYs. SETs and BAGs are unordered whereas ARRAYs
and LISTs are ordered. It is possible to set lower and upper limits for the size
of the aggregate when defining it in EXPRESS. In the description of machine
capability profile, only SETs were used. The following example shows how SET
aggregate is used to define ‘tooling_capability’ for a machine:







its_tool : SET [0:?] OF cutting_tool_dictionary;
END_ENTITY;
3.6 Summary
In order to automate the manufacturing process planning system, the knowledge of the
actual machining capability has to be obtained. This has been defined as one of the
research gaps in Chapter 2. Thus, an EXPRESS definition of the machine tool health
parameters has been presented extended by the machine tool definition. The proposed







Decisions to machine a part based on the existing manufacturing resources have to
be made based on the actual capability of machine tools. CNC machines normally
come in many shapes and sizes with various configurations that separate them in the
capabilities they can deliver. These machines vary in terms of the number of axes of
movement, the arrangement of the spindles and the kinematic configuration of the mov-
ing components. Capturing the real capability of machines requires a comprehensive
representation of machine tool components and cutting tools as well as part descrip-
tions. The requirement to represent part information has been fully fulfilled with the
emergence of STEP-NC standard. Currently, STEP-NC does not contain any machine
tool health information.
For example, STEP-NC does not provide the engineering process planners with the
available cutting tools, and the STEP-NC codes need to be adjusted by an experienced
engineer. Access to the cutting tool data such as tool diameter, cutting tool length
and cutting edge direction allows process planners to plan based on the available tools
in machine tool bank. An extension to the STEP-NC standard has been proposed in
the previous chapter to convey machining resource information to CAPPable. In this
chapter, rule-based reasoning techniques have been applied on the proposed data model
to assess the machineability of a part. Formal rules have been defined in Java to in-
vestigate the feasibility of the CAPPable framework. These rules are created with the
aim to be a reasoning engine of the various machining resources in process planning.
An object-oriented computational platform has been developed which allows planner
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to have access to the machine tool capability parameters. As a result, The CAPPable
prototype has been generated containing sufficient machine tool health information for
the part manufacturing.
4.2 Development for the implementation of the
CAPPable prototype
A comprehensive MCP schema has been developed in EXPRESS language which sup-
ports ISO 14649 and AP 203 schemas. The MCP schema has been formally validated
with the SDAI interface (ISO 10303-22, 1998). This formal validation searches for
two common errors in EXPRESS schema: data model integrity and syntax errors such
as semicolons. SDAI (ISO 10303-22, 1998) is an Application Programming Interface
(API) for reading, writing and runtime manipulation of object-oriented data defined by
an EXPRESS based data model. A Java based SDAI has been used to validate MCP
schema, that is, files prepared according to EXPRESS standards.
Considering that EXPRESS entities in ISO 14649 are defined in an object-oriented like
manner the translation does not need to substantially change the semantics involved
in the creation of the models; in most cases it is only a matter of translating the data
models’ syntax. A prototype of the proposed framework has been generated on the Java
platform. It is important to note that EXPRESS only defines states and no behaviours
and therefore no methods can be derived directly from the data structures contained
within an EXPRESS schema. Thus, EXPRESS entities have been translated into Java
classes to implement the prototype of CAPPable.
4.2.1 Java based platform for CAPPable
This platform has been originally developed by Aydin Nassehi in Java programming
language as a part of STEPMAN project (STEPMAN Project, 2015). This section
provides a complete detail of the designed platform. The realisation of this platform
makes it possible to run CAPPable throughout this research.
In order to translate the EXPRESS schema into a Java class collection, it has been
necessary to consider the various elements of the schema as follows:
(i). Entities: The definition of entities in CAPPable begins by creating Java in-
terfaces. The Java interface, provides prototype methods for setting the values of the
class attributes and getting these values. For example the ISO 14649 entity ‘two5D_-









The equivalent Java interface for the above entity would be:















The attributes that are aggregated with LIST[?:?] and SET[?:?] in EXPRESS are both
translated into ArrayLists in Java. The relationships form supertype-subtype hierar-
chies have been considered with Java interfaces.
(ii). Types: The general definition of simple types takes the following from in EX-
PRESS:
TYPE type_name = type_definition;
END_TYPE;
Where ‘type_name’ is the name of the type being defined and ‘type_definition’
is anther type or a primitive type. The primitive types in EXPRESS are INTEGER,
STRING, BOOLEAN and REAL among others. The primitive types are defined as
classes extending ‘ExpressInterface’ interface that are designed for allowing multi-
ple inheritance when necessary.
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(iii). Constants: Constants can be defined as those in the ‘ExpressInterface’ in-
terface.
(iv). Functions: Functions in EXPRESS considered as methods in Java classes.
(v). Where, Derive, Inverse: WHERE, DERIVE and INVERSE are used in EX-
PRESS to defined rules. These rules can be implemented as validation methods in each
class to ensure the integrity of the information.
(vi). Optional: in an EXPRESS schema, attributes can be defined as optional or
obligatory. Java constructors have been used to allow an optional object to be created
unless the non-optional attributes are set.
4.2.2 EXPRESS translator
Generating the Java classes for mappings from each EXPRESS schema is a tedious and
repetitive job. It was therefore decided to employ the Software Product Lines (SPL)
(Northrop and Clements, 2001) methodology to automate the process of generation
of the Java mapping for each EXPRESS schema. Thus, an EXPRESS translator has
been made which is capable of reading the EXPRESS schemas with the format of a
text file. This application then generates sufficient Java packages to manipulate the
EXPRESS files. The objects created using EXPRESS translator can then get values to
run comparative tests between machines.
4.2.3 Generating MCP files
To make it easier for users to generate machine tool profiles, A STEP file generator
has been used. MCP libraries have been added to this platform to read and write
machine tool profiles in Java. The defined MCP libraries interfaced with STEP-NC
libraries which contain ‘machining_workingstep’ , ‘manufacturing_feature’ and
‘milling_cutting_tool’ . MCP classes then interfaced with the main Java program
developed in this work in order to get values and generate results. Also, getters and
setters defined to obtain or add values to the entities defined in MCP libraries. In order
to write an MCP file, the ‘Population’ class has to be initialised. This will make
an Arraylist for all the possible MCP data which can be added to the ‘Population’




for each Object in Population do
if Object is MCP data then
ADD Object to MCP Array
end
end
Entities only can accept the values defined in MCP library, and null values will be
ignored by MCP generator. Figure folan presents the generation of the capability
adjusted process plans in relation to the prototype described in this Chapter.
LegendActivityInformation flow
Design of Machine Capability Profile Data Model CAPPableEXPRESSSchema EXPRESS Translator
Translating EXPRESS Schema to Java Classes
CAPPablePrototype Java Classes
CAPPableProcessPlanningProcess Planning Case Capability Adjusted Process Plan
Figure 4-1: Implementation of the capability adjusted process plans using the CAPPable
prototype
4.2.4 Interpreting MCP files and resource selection
Each generated ‘Population’ can then be utilised to run a machine tool health check.
To perform MCP interpretation, The author has developed a STEP-NC reader to read
the latest MCP file released for a machine. The STEP-NC reader can use STEP-NC
and MCP codes as an input in the format of text file and passes all the values to their






Machine tool health parameters can be ascertained from MCP files. An MCP file also
contains a model of machine tool. STEP-NC codes can be read separately from a
text file. The STEP-NC file transfers the design specification and CAPPable compares
them with the machining requirements. Each capability parameter can be added sepa-
rately to maintain the object-oriented structure of the MCP interpreter. For example,






In the end, a summary of the performed checks is given to process planners in the
following order:
Current available area in Z direction = 100.0
Required area in Z direction = 10.0
Table sizes are : [840.0, 470.0]
Workpiece geometry is : block
Required sizes to clamp the workpiece : [215.0, 265.0]
The number of available tools is : 3
The number of required tools is : 2
Available tool number 1 is a "rough mill" with the diameter of 40.0
Available tool number 2 is a "end mill" with the diameter of 40.0
Available tool number 3 is a "end mill" with the diameter of 10.0
Required tool number 1 is a "T4" with the diameter of 40.0
Required tool number 2 is a "T3" with the diameter of 10.0
Machine is capable to perform required tasks
The final summary provides process planners with an overview of the machining re-
quirements which can or can not be delivered by a machine. This assessment is based
on the actual condition of the machine tool.
4.3 Summary
To realise the aims of this research, a prototype of CAPPable has been presented. The
CAPPable prototype has been implemented on a Java platform. The Java development
and associated Java libraries have been described in detail. The generated CAPPable






Companies often use multiple CNCs to machine a particular type of product. CNC
machines on the shop-floor constantly use for production can be degraded over time.
Degraded machine tools may often lead to reduced productivity, flexibility, precision and
poor responsiveness. To avoid such situations, the health condition of these physical
systems must be periodically assessed. Previous chapters focused on the development
of systems that provide process planners with such capabilities. This chapter explores
the applicability of process planning using CAPPable through a series of experiments.
The proposed system of capturing the health of a machine has been implemented on
various CNC machines in three separate sections. These series of experiments have
been designed to validate the CAPPable framework. In the first section, a profile of
Bridgeport and XYZ milling machines has been generated to select the most appropriate
machine tool for a particular machining task. This is mainly focused on the macro pro-
cess planning using CAPPable. Next section delivers the implementation of CAPPable
for a PKM machine in the micro process planning stage. The third section discusses
the procedure of capturing the capability of a Dugard milling machine using the ball
bar test, and using the captured data for the part setup optimisation. The measured
data with ball bar is used to model machining straightness and squareness errors. The
best part location has been determined based on the Dugard health profile.
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5.2 Investigation of capability based macro process
planning
Process planning has two distinguished levels, macro- and micro-level planning (El-
Maraghy, 1993). macro process planning is concerned with identifying the main tasks
and their best sequence and the type of manufacturing processes, whereas micro pro-
cess planning is concerned with the cutting condition determination such as adjusting
feeds/speeds and calculating machining costs. The decision to machine a part based on
the overall machine tool capability can be made in the macro process planning stage.
The outcome of this stage can also be used for benchmarking machine tools and com-
pare them against other CNC machines in shop-floor. Normally, not all of the available
CNC machines would be able to successfully machine a part dependant on the size of
the part, available cutting tools and fixtures.
Three axes machine tools are considered as the most common machines in industry.
Therefore, they are used in this research to validate the proposed framework. The
accuracy of a 3-axis Bridgeport machine has been checked against the machining re-
quirements. As a result, the generated process plan ensures that the STEP-NC code
has declared the actual status of machine and not nominal values. However, further
expansion of the model required a comprehensive schema, which contains all the aspects
of machining capability. This part of research will be explored further in Sections 5.3
and 5.4.
The health of the Bridgeport machine has been assessed to machine a rectangular closed
pocket. Capability analysis of a 3-axis Bridgeport machine has been done based on the
testing protocols retrieved from machine’s handbook and ISO 230 series. A sample part
shown in Figure 5-1 has been selected to test the proposed system. This part has been
designed previously in ISO 14649 part 11 to implement STEP-NC standard.To machine
the part, five working steps are required, i.e. face milling, hole drilling, hole reaming,
pocket roughing and pocket finishing. The STEP-NC code generated to machine a




Figure 5-1: A sample part to test CAPPable framework
A MCP file has been generated based on the actual Bridgeport machine ability to de-
liver the required tolerances stated in the STEP-NC code. This MCP file has been
attached in Appendix B. The values stored in Bridgeport capability profile approve
that the machine axes have enough accuracy to finish the rectangular closed pocket.
Also, the cutting tool required for this task is available in the Bridgeport tool bank.
The same machining procedure has been taken to drill a hole as it has been listed in
Appendix C. According to the Bridgeport capability profile, the machine is also capable
of drilling the hole within the defined tolerances. 20 mm drilling tool is available in the
machine tool bank to finish this job.
The capability assessment has also been done to machine the same part on a 3-axis
XYZ milling machine. The associated machining capability profile has been attached
to the Appendix D. The XYZ machine can not handle this job because the drilling
tools are not available to finish this job. This has been concluded by comparing the
STEP-NC code for the part and the generated MCP file for the XYZ machine.
5.3 Investigation of capability based micro process
planning
The generation of marcoplans does not necessarily result in a globally feasible process
plan for a given part (Srinivasan and Sheng, 1999). To generate reliable machining
instructions, a micro process planning system that outputs the feature-level optimal
plan is required. Micro process planning is a detailed process planning level in which




Selecting the optimised layout to setup a workpiece for a particular machining task can
improve the accuracy of machining (Li and Melkote, 1999). This can be influenced by
the kinematic errors of a machine tool, and the displacement errors in the machine tool
axes. The hypothesis of this section is that the proposed CAPPable framework will
position a workpiece on a machine bed which will result in a more accurate part than
if it was randomly positioned.
The kinematic capability of a machine tool is investigated in this section. A three-axis
parallel kinematic machine (PKM) which is capable of performing milling operations is
used to investigate this. This machine has been selected because of its complex kine-
matic structure and therefore can be a good sample to validate CAPPable. A machine
tool kinematic data model is introduced and linked with the existing CAPPable frame-
work. A profile of the PKM is generated which shows the actual state of the machine.
The inverse kinematic error model accounting for the axes translational error in a PKM
is ascertained. The developed mathematical model is calculated and predicts the total
geometric error for different positions on the machine table. Particle swarm optimisa-
tion is then utilised to determine the best location of the workpiece in terms of having
the least geometric error.
5.3.1 Design of a Hybrid Manufacturing Platform
The main motivator of designing the ‘Equator’ platform is to have an alternative mea-
suring system to custom gauging. The ‘Equator’ offers inspection of a variety of manu-
factured parts with different design. The main goal of adding a spindle to the ‘Equator’
platform is to have a hybrid platform that can perform inspection and milling oper-
ations (Kendrick, 2016). The selected platform consists of a three-axis PKM, with a
dedicated controller. A detailed view of the PKM mechanism is shown in Figure 5-2.
The PKM offers a smaller and lighter measuring machine compared to a traditional
serial machine which requires a large cross-section to support the other axes. The PKM
has a high bandwidth and in combination with the probing technology and controller
design can take large quantities of scanning data per second (Kendrick, 2016).
The PKM used in this research is suspended by three drives and six constraint struts
positioned about the machine workspace. These six constraint struts limit the PKM to
move in rotational degrees of freedom. Also, the constraint struts are connected to mov-
ing barn doors to form parallelogram. The ‘Equator’ platform positions its end-effector
in a three-dimensional cartesian space by extending and contracting three linear actu-
ators. A constant attachment plate orientation is maintained through the use of three
planar parallelogram structures with revolute joints. This ensures that the ‘Equator’
platform functions as a fully translational parallel manipulator. This type of PKM is
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classified as delta and the kinematic chain of it can be classified as revolute-prismatic-
universal-parallelogram-universal kinematic chain (Weck and Staimer, 2002b).
Figure 5-2: A CAD model of Renishaw’s ‘Equator’ platform (Renishaw plc, 2018)
5.3.2 Inverse kinematics of the ‘Equator’
The term ‘inverse kinematics’ , relates to the identification of the necessary joint vari-
able to satisfy a pre-determined end-effector position and orientation. The desired
end-effector position and orientation are entered as inputs into the inverse kinematic
function, which in turn outputs the necessary joint variables. The inverse kinematic
function has been developed by the author.
In order to find the inverse kinematic relationship for the ‘Equator’ platform, a sim-
plified model of the actuator has been considered. In this simplified model, two struts
with a known variable length are connected to a common union point with (xe,ye)⊺
coordinates; the superscript ‘⊺’ denotes the transposed matrix. (xe,ye)⊺ is considered
as the system’s end-effector. Depending on the position of the end-effector, the exten-
sion of the linear actuators can be changed as it has been illustrated in Figure 5-3. The
possible positions of the end-effector can be determined by the points of intersection
between two circles. Thus, Equations 5.1 and 5.2 can be used to determine any move-
ments of l1 and l2 which locate end-effector in the XY plane.
Using the same method outlined in this section, it is possible to expand this model










Figure 5-3: Simplified kinematic model of the Renishaw manipulator
(x1 − xe)2 + (y1 − ye)2 = l21 (5.1)(x2 − xe)2 + (y2 − ye)2 = l22 (5.2)
5.3.3 Forward kinematics of the ‘Equator’
The term ‘forward kinematics’ , relates to the identification of a robot’s end-effector
position given a set of joint variables for each of the kinematic chains acting on the
end-effector. The joint variables indicate the extension or rotation of each of the joints
within a system for a given point in time. These variables are entered as inputs into
the forward kinematic function, which in turn outputs the end-effector orientation and
position with respect to the frame of reference.
Figure 5-4 shows the construction of a delta type Renishaw PKM machine including
frame, joints and legs. The machine profile captured from the PKM machine contains
the information about the structure of the frame, legs and joints. Assuming that the
end-effector may be described as a single point of union between the three actuators,
and that the orientation of the end-effector is fixed the calculation of the inverse kine-
matic relationship is greatly simplified. As a result of this simplification, the necessary
linear actuator extensions may be described as the Euclidean distance between the ac-
tuator origins and the desired end-effector position. The position of the PKM joints
has been shown in Figure 5-4(a) and are as follows:
x1 = 70.71mm
x2 = 420.71mm
y1 = y2 = 70.71mm
x3 = 70.71 + 350 × cos 60○ = 245.71mm
y3 = 70.71 + 350 × sin 60○ = 373.82mm
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d1 = 550mm,d2 = 500mm
z1 = z2 = z3 = d3 = 600mm
The relationship is characterised by the following set of equations:
(l1)2 = (xe − x1)2 + (ye − y1)2 + (ze − z1)2 (5.3)
(l2)2 = (xe − x2)2 + (ye − y2)2 + (ze − z2)2 (5.4)
(l3)2 = (xe − x3)2 + (ye − y3)2 + (ze − z3)2 (5.5)
The simplified kinematic model presented in Figure 5-4(a) can be used to estimate the
best part location on the PKM bed. It can be seen that the linear actuators do not
in fact share a common union point at the end-effector. This is mainly because of
the lower attachment plate which is visible in the CAD rendering in Figure 5-4(b). In
this research, only the translational errors inherited from the PKM drive legs shown in
Figure 5-2 have been considered, and the error caused by the movement of the constraint
legs has been ignored. As a result, the lower plate is fixed all the time, and does not
rotate. Thus, It has been assumed that the total kinematic error of the PKM is only
affected by positioning the parallel legs.
l1 l2 l3





Upper and lower plates Frame PKM legs End-effectorLinear translationDimensions
(a) (b)
!1 = 70.71	--#1 = 70.71	--'1 = 600	-- !2 = 420.71	--#2 = 70.71	--'2 = 600	--
!3 = 245.71	--#3 = 373.82	--'3 = 600	--
Figure 5-4: A representation of ‘Equator’ : (a) kinematic model, (b) render
Two new vectors (v⃗1 and v⃗2) have been defined as it has been shown with the dashed
red lines in Figure 5-5. These two vectors will transform the corner points to two new
points which yield two new parallel lines. The length of the linear transformation is
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equal to the length of the lower plate sides (dp). This length which is 48.5 mm for
each side of the plate has been shown in Figure 5-6. Following changes will occur in
Equations 5.3, 5.4 and 5.5:
x′2 = x2 − 48.5mm
x′3 = x3 − 48.5mm × cos 60○
y′3 = y3 − 48.5mm × sin 60○
(l1)2 = (xe − x1)2 + (ye − y1)2 + (ze − z1)2 (5.6)
(l2)2 = (xe − x′2)2 + (ye − y2)2 + (ze − z2)2 (5.7)(l3)2 = (xe − x′3)2 + (ye − y′3)2 + (ze − z3)2 (5.8)
!"2 $2 %2 &!"3 $"3 %3 &!1 $1 %1 &
!) $) %) & dp
*1
*2
Figure 5-5: Elaborated kinematic model of the ‘Equator’ platform
Dept. Technical reference Created by Approved by
Document type Document status
Title DWG No.









Figure 5-6: The dimensions of the ‘Equator’ attachment plate
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In theory, Equations 5.3, 5.4 and 5.5 can be applied to a PKM structure to find the
end-effector location. But, in practice translational errors are introduced along PKM
legs which can change the position of the end-effector. Therefore, the above formulas
are amended to consider the possible error factors (dl1, dl2 and dl3) along PKM legs. By
differentiating Equations 5.3, 5.4 and 5.5, the derivatives of the changes in the parallel
legs can be modelled as follows:
l1 × dl1 = (xe − x1) × dxe + (ye − y1) × dye + (ze − z1) × dze (5.9)
l2 × dl2 = (xe − x′2) × dxe + (ye − y2) × dye + (ze − z2) × dze (5.10)
l3 × dl3 = (xe − x′3) × dxe + (ye − y′3) × dye + (ze − z3) × dze (5.11)












xe − x1 ye − y1 ze − z1
xe − x′2 ye − y2 ze − z2







Finally, the location of the end-effector with respect to the linear translation of the







xe − x1 ye − y1 ze − z1
xe − x′2 ye − y2 ze − z2













By knowing the error of the coordinates in a tool path, the actual coordinates along
the tool path can be calculated by Equation 5.14. xn, yn and zn are the nominal tool
path coordinates can be excerpted from the part program; l1, l2 and l3 are the extended
length of the parallel legs; x1, x′2, x′3, y1, y2, y′3, z1, z2, z3 can be measured from the
structure of the PKM; dl1, dl2 and dl3 are the translational errors along PKM legs;



















5.3.4 Implementation of CAPPable in micro process planning
To model a PKM actuator’s capability, a parallel kinematic entity has been expressed
as ‘kinematic_capability’ of the machine. The data model defines PKM elements
such as frame size, plate dimension and actuator legs. To incorporate the theorem
established in the previous section for capturing the real capability of PKM machines,




















In order to enable CAPPable to determine the optimal part location with respect to the
actual available resources, it is necessary to provide resource information that reflects
the status of the actuators at the time that they will be utilised for manufacturing the
part. Thus, a sample capability profile has been generated for the PKM platform as















The above profile has been used to represent the ability of a PKM machine to locate
the part on its bed considering the actual capability of its actuators.
5.3.5 Artifact design for CAPPable
In order to implement CAPPable for the part setup optimisation, the sample part
shown in Figure 5-7 has been selected. STEP-NC code for the part has been listed
in Appendix F. The centre pocket has been selected to be machined virtually on the
designed PKM platform. The accuracy of the four sides of a pocket can be a good
reference for measuring the capability of a PKM machine, this is because, each parallel
strut has to extend to position the tool tip within the machining area. In order to obtain
X, Y and Z coordinates of the PKM end-effector, the STEP-NC code for the above
model has been transferred into the G&M codes. To facilitate this transformation, the













65 ± 5 μm
Figure 5-7: The design of a test part for PKM part location optimisation
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5.3.6 Accuracy of a parallel kinematic platform
The proposed framework is tested on a parallel kinematic platform to find the best
position for locating the test piece shown in Figure 5-7. In order to achieve this, it
is essential to capture the current level of accuracy of the PKM. Thus, a set of errors
have been assumed for each parallel leg. Considering the fact that the ‘Equator’ has a
symmetrical design, the number of error sets can be reduced. The following errors for
each PKM leg has been assumed:
dl1 = {−20 µm ,−10 µm , 0 , 5 µm, 15 µm}
dl2 = {−4 µm , 0 , 12 µm}
dl3 = {−1 µm , 0 , 3 µm} (5.15)
All the possibilities of having the translational errors have been considered and incorpo-
rated with CAPPable. It has been assumed that there are 45 different combinations of
the leg errors for the ‘Equator’ . These combinations has been listed in Table 5.1. Next,
using Equation 5.14, the actual position of the tool tip has been estimated accounting
for the translational errors in the PKM. A PSO is used to identify the part location on
a PKM machine bed that will result in the least amount of translational error in the
PKM legs. Each particle in the PSO is constructed a coordinate/point to represent the
static part location. The PSO is initialised with a set of points at random locations.
Then, the total error for each random part location has been determined using Equation
5.16.
Eri =√(Xi,a −Xi,n)2 + (Yi,a − Yi,n)2 + (Zi,a −Zi,n)2
i = 1, ...,45. (5.16)
Eri = The total error factor
Xi,a, Yi,a, Zi,a = Calculated actual points
Xi,n, Yi,n, Zi,n = Nominal points
The procedure outlined above has been executed over all iterations to find the optimal
answer for each set of errors in Table 5.1. The algorithm of the software developed for
this part of the research is as follows:
1-Input Read G-code of part in text format
Find the nominal tool tip positions from the text file
2- Generate sets of potential error values
3- Calculate the actual tool tip position for each leg
4- Calculate the difference between actual values from step 3 and the nominal tool tip posi-
tions from the G-code
5- Calculate the total error value by adding all the error values from step 4
6- Find the minimum total error value with PSO
7- Output Optimal part location
77
Chapter 5
5.3.7 Optimising part location on PKM bed
To find the best location of the workpiece on PKM bed, the actual position of the tool
tip has been ascertained based on the translational error along PKM legs. Then, the
error factor has been determined for each point in tool path. Finally, particle swarm
optimisation has been applied to try the same tool path in different locations on the
PKM bed. These series of trials conducted through the generation of particles to find
the least total error. The objective function has been defined as follow:
Fi = j=n∑
j=0
√(Pi,x + Tj,x −Aj,x)2 + (Pi,y + Tj,y −Aj,y)2 (5.17)
j = Each point in the tool path
Tj,x , Tj,y = Position of tool at tool path point j
n = number of points in tool path
Aj,x , Aj,y = Actual position of tool at point j
Pi,x , Pi,y = Random particles generated by PSO
The PSO constraints can be calculated by the available workspace of the ‘Equator’ . The
accessible working volume of the PKM is mainly determined by the length of the three
parallel legs. This naturally forms a three-dimensional teardrop shape. However, to
make it easier for PSO to determine the optimal workpiece location, a working volume
of a 300 mm (diameter) by 150 mm cylinder has been considered. Thus, the following
constraints are considered for optimising the Equation 5.17:
For Pi,x xmin + Txmin ≤ x ≤ xmax + Txmax
For Pi,y ymin + Tymin ≤ y ≤ ymax + Tymax
Each optimisation runs for 10000 iterations to ensure that the optimisation converged
to a solution. The particle has been found using the following PSO parameters:
Inertia weight (W) = 1
Acceleration coefficients (C1 , C2 ) =2
The Java codes for the above optimisation problem has been presented in Appendix
G. The number of particles used was 1000 to ensure a good distribution of starting
positions in the search space. For the test case used, the solution was found in less
than 20 seconds. The Z-axis has not been included in the development of software as
the main purpose is to find the optimal part location in 2D. This also helps with the
computational time. The iterations for the first combination of errors is shown in Table
5.2. Table 5.3 shows the test result for all the different combinations of the axial errors
listed in Table 5.1. The optimal part setup position found in X = 0 and Y = 0 which
locates in the centre of the PKM bed.
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Table 5.1: Various axial errors in parallel legs
Test dl1 (µm) dl2 (µm) dl3 (µm)
1 -20 -4 -1
2 -20 -4 0
3 -20 -4 3
4 -20 0 -1
5 -20 0 0
6 -20 0 3
7 -20 12 -1
8 -20 12 0
9 -20 12 3
10 -10 -4 -1
11 -10 -4 0
12 -10 -4 3
13 -10 0 -1
14 -10 0 0
15 -10 0 3
16 -10 12 -1
17 -10 12 0
18 -10 12 3
19 0 -4 -1
20 0 -4 0
21 0 -4 3
22 0 0 -1
23 0 0 0
24 0 0 3
25 0 12 -1
26 0 12 0
27 0 12 3
28 5 -4 -1
29 5 -4 0
30 5 -4 3
31 5 0 -1
32 5 0 0
33 5 0 3
34 5 12 -1
35 5 12 0
36 5 12 3
37 15 -4 -1
38 15 -4 0
39 15 -4 3
40 15 0 -1
41 15 0 0
42 15 0 3
43 15 12 -1
44 15 12 0
45 15 12 3
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Table 5.2: PSO iterations (units are in µm)
Iteration 0 Fitness: 28825.26 X: 2619.95 Y: -2467.75
Iteration 0 Fitness: 13226.08 X: -913.05 Y: -1425.58
Iteration 0 Fitness: 8774.4 X: 221.95 Y: -1094.59
Iteration 0 Fitness: 8684.73 X: -988.36 Y: -539.00
Iteration 2 Fitness: 6851.71 X: 527.24 Y: -676.94
Iteration 4 Fitness: 4725.59 X: 550.97 Y: -128.98
Iteration 11 Fitness: 4530.49 X: 482.83 Y: -265.60
Iteration 11 Fitness: 3262.12 X: -437.79 Y: -0.34
Iteration 18 Fitness: 2355.36 X: 243.83 Y: -133.14
Iteration 31 Fitness: 1383.28 X: -52.5 Y: 144.23
Iteration 36 Fitness: 196.0 X: -19.8 Y: -5.50
Iteration 51 Fitness: 101.23 X: -18.94 Y: -31.42
Iteration 57 Fitness: 70.57 X: -25.99 Y: -34.65
Iteration 59 Fitness: 67.65 X: -28.55 Y: -19.21
Iteration 61 Fitness: 50.03 X: -28.51 Y: -21.56
Iteration 62 Fitness: 39.44 X: -35.74 Y: -26.33
Iteration 62 Fitness: 29.16 X: -33.01 Y: -24.35
Iteration 64 Fitness: 14.73 X: -29.1 Y: -27.64
Iteration 64 Fitness: 9.45 X: -29.74 Y: -27.43
Iteration 69 Fitness: 4.4 X: -31.47 Y: -27.33
Iteration 71 Fitness: 1.04 X: -30.92 Y: -27.46
Iteration 76 Fitness: 0.76 X: -30.82 Y: -27.32
Iteration 76 Fitness: 0.53 X: -30.98 Y: -27.35
Iteration 79 Fitness: 0.44 X: -30.91 Y: -27.39
Iteration 80 Fitness: 0.26 X: -30.9 Y: -27.31
Iteration 85 Fitness: 0.24 X: -30.94 Y: -27.35
Iteration 86 Fitness: 0.2 X: -30.93 Y: -27.33
Iteration 88 Fitness: 0.19 X: -30.92 Y: -27.35
Iteration 88 Fitness: 0.19 X: -30.93 Y: -27.33
Iteration 89 Fitness: 0.18 X: -30.91 Y: -27.33
Iteration 89 Fitness: 0.18 X: -30.92 Y: -27.33
Iteration 90 Fitness: 0.18 X: -30.92 Y: -27.33
Iteration 92 Fitness: 0.18 X: -30.92 Y: -27.33
Iteration 96 Fitness: 0.18 X: -30.92 Y: -27.33
Iteration 99 Fitness: 0.18 X: -30.92 Y: -27.33
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Table 5.3: PSO test results
Test Fitness (µm) Part location in X (µm) Part location in Y (µm)
1 0.18 -31 -27.33
2 0.19 -30.1 -28.71
3 0.24 -30.91 -32.84
4 0.2 -40.32 -21.9
5 0.2 -40.34 -23.29
6 0.24 -40.33 -27.41
7 0.28 -68.54 -5.61
8 0.28 -68.54 -6.99
9 0.3 -68.54 -11.12
10 0.03 7.39 -5.22
11 0.04 7.39 -6.59
12 0.09 7.39 2.13
13 0.02 -2.02 0.21
14 0.01 -2.02 -1.16
15 0.07 -2.02 -5.3
16 0.13 -30.23 16.5
17 0.13 -30.23 15.13
18 0.13 -30.23 11
19 0.04 9.41 -4.05
20 0.04 9.41 -5.43
21 0.09 9.41 -9.56
22 0.02 0.0 1.38
23 0.01 0.0 0.0
24 0.06 0.0 -4.13
25 0.13 -28.2 17.67
26 0.12 -28.2 16.29
27 0.12 -28.22 12.16
28 0.08 19.49 1.77
29 0.08 19.49 0.39
30 0.09 19.49 -3.74
31 0.06 10.08 7.2
32 0.05 10.08 5.82
33 0.06 10.08 1.69
34 0.13 -18.14 23.49
35 0.12 -18.14 22.11
36 0.09 -18.14 17.98
37 0.18 39.65 13.41
38 0.18 39.65 12.03
39 0.16 39.65 7.9
40 0.18 39.65 13.41
41 0.15 30.24 17.46
42 0.13 30.24 13.33
43 0.18 2.03 35.13
44 0.16 2.03 33.75
45 0.12 2.03 29.62
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5.4 Part setup optimisation based on machine health
In this section, the proposed framework for capturing the health of a machine has
been implemented on a Dugard CNC machine. This type of CNC machine has been
considered as the most commonly used machine in industry. The ball bar test based
on ISO 230-1 (2012) is used to obtain the latest health condition of a Dugard machine
tool in machine tool lab, and machine capability profile for part setup optimisation.
To capture the health of Dugard CNC machine for part setup optimisation, five main
steps have been taken:
1. Kinematic modelling of Dugard machine tool to determine static errors effecting
the machining accuracy in each tool tip position.
2. A series of ball bar tests to position across the machine table to record machine
tool errors such as squareness and straightness.
3. Curve fitting of measured error values to replicate the recorded data from ball
bar.
4. Identification of best part position considering straightness and squareness errors.
5. Validating error models through the machining of six test parts on the machining
centre.
Following this section, each of the above steps will be explored in detail.
5.4.1 Kinematic modelling of machine tools
The actual motion of each of the machines axes consists of three pure translations and
three pure rotations, corresponding to the six possible degrees of freedom of a moving
body. Any points in machine coordinate system can be presented by vectors. Each of
these points represents the tool tip position at an arbitrary position within the working
volume of the machine. A tool tip position (P ) can be represented as a single vector
#    »
OP (Postlethwaite, 1992):






XOP , YOP and ZOP are actual coordinates of the point P . Alternatively, the vector
#    »
OP can be expressed as a sum of a chain of three vectors. Each of these vectors are




#    »
OP = #       »XOP + #     »YOP + #      »ZOP (5.19)
These vectors express the movement of tool tip to reach position P considering the
translational errors in each direction:


















where x,y and z are the nominal positions of machine tool axes. EXX , EY Y and EZZ are
linear positioning errors (µm). EY X , EZX , EXY , EZY , EXZ and EY Z are straightness
errors (µm).
Depending on the kinematic chain of machines, rotation of one axis can affect on other
axes which link to it. Especially, for the axis which mounted upon the axis of rotation.
Angular error motions around A-axis, B-axis and C-axis have been approximated and
the transformation matrices (R(x) and R(y)) modelled as follows:
R(x) = ⎛⎜⎜⎜⎝
1 −ECX +EBX+ECX 1 −EAX−EBX +EAX 1
⎞⎟⎟⎟⎠ (5.23)
R(y) = ⎛⎜⎜⎜⎝
1 −ECY +EBY+ECY 1 −EAY−EBY +EAY 1
⎞⎟⎟⎟⎠ (5.24)
where:
EAX and EAY are angular error motions around A-axis (µrad).
EBX and EBY are angular error motions around B-axis (µrad).
ECX and ECY are angular error motions around C-axis (µrad).
In the above calculations it was assumed that the axes of machine are perfectly square
to each other. In practice there will be errors in orthogonality between mutually per-
pendicular axes. The orthogonality errors associated with the machine can be estimated
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EC0X is squareness error of X to Y (µm/m)
EB0X is squareness error of X to Z (µm/m)
EA0Y is squareness error of Y to Z (µm/m)
Different configuration of machine tools may use different combination of transformation
matrices to find the actual position of tool tip. The Dugard machine tool consists of
a separate Z-axis. The X and Y axes are attached to each other in kinematic chain.
For this type of machine tool shown in Figure 5-8 the following matrix transformations
need to be done:
#    »
OP = R(x)−1 ×R(y)−1 ×R(s) × (#     »YOP + #       »XOP ) +R(s) × #      »ZOP (5.26)
The following considerations have been taken to structure the above expression:
1. Rotation of X-axis effects on Y -axis.
2. Rotation of X-axis effects on the datum point.
3. Rotation of Z-axis does not effect on any other axes.
4. Orthogonality errors (R(s)) associated with the machine have been considered in
all directions.
After simplifying the expression above in MATLAB, the following error values can be
calculated for each point in machine tool workspace:
ex = EXY − Y ×EC0X (5.27)
ey = EY X (5.28)
where Y is the nominal positions of y axis; EY X is straightness of x in y direction and
EXY is straightness of y in x direction; EC0X is squareness of x with respect to y in
the xy plane. Second order terms have been ignored in calculating ex and ey because
these values are small and do not change the final results.
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Figure 5-8: Kinematic chain of Dugard Eagle 850
5.4.2 Modelling of machining errors using ball bar
The ball bar test has been used to capture the degree of deviation the two axes of
the Dugard machine tool while moving on a circular path. Various types of errors can
be obtained using the ball bar test, such as backlash, straightness, squareness, servo
mismatch, and reversal spikes. The results generated by the ball bar test provide a
diagnostic review of the machine’s capability in critical areas (Jalaludin et al., 2017).
Straightness and squareness errors have been assumed as the major sources of machining
error (Stephenson and Agapiou, 2016). For other machining errors such as backlash and
servo mismatch, the reader is directed to research undertaken by Lei et al. (2009) and
Ramesh et al. (2000a,c). These studies provide a comprehensive review of theses types
of errors.
In modelling straightness, it has been assumed that the area under the test, has a simple
bend or curve giving rise to a straightness error. For example, if a ball bar with 100 mm
length measures a straightness error of 1.3 microns in the X direction, the straightness
of x in the y direction can be estimated by EY X = 0.000000013× x2. This is illustrated
in Figure 5-9.
A series of ball bar tests were required to cover the full length of a typical machine tool
bed. Thus, several parabolas represent the overall straightness error. The measured
data points from ball bar were fitted to Fourier models using MATLAB curve fitting
toolbox to show the range of straightness errors. A combination of straightness error
parabolas has been shown in Figure 5-10. Also, best fitted curve has been highlighted
in red.
Squareness error has been considered as a least square line fitted for the variation
in straightness deviation recorded for series of ball bar tests. Figure 5-11 shows the
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straightness error which has been superposed onto squareness line (red line).
Figure 5-9: Straightness of x in y direction

























Fitted Fourier series 
Figure 5-10: Variations of straightness along x
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To test the theory mentioned in Sections 5.4.1 and 5.4.2, Renishaw QC20-W ball bar
device was used in eight different locations (4×2). The ball bar test ran on a Dugard
Eagle 850 machine bed to record data for modelling straightness and squareness errors.
The procedure shown in Figure 5-12 has been done eight times to cover a travel range
of 800mm × 400mm. The number of tests (i.e. 8) has been determined by the size of
ball bar (i.e. 100 mm) and machine bed. The order of each test has been shown in
Figure 5-13.
Figure 5-11: Squareness of x with respect to y in xy plane
Calibrating ball bar and generating circular tool path Fixing ball bar device on machine tool bed Running tool path and reading data from ball bar Recording data in ball bar software
Figure 5-12: Ball bar setup and procedure
87
Chapter 5
Figure 5-13: Sequence of the ball bar test on Dugard machine tool
The measured values from the above tests were used to find straightness error function
for each zone. Next, Fourier series were used to formulate the straightness error function
alongX, and Y . Table 5.4 summarises the measured error values in 8 different locations.
Tables 5.5 and 5.6 list straightness and squareness models for tests 1 to 4 and 5 to
8.
Table 5.4: The ball bar test results
Machining errors 1 2 3 4 5 6 7 8
Squareness (µm/m) 125.6 135.4 124.1 137.8 142.1 129.8 142.2 131.8
Straightness x (µm) 1.3 0.1 0.1 1.3 0.6 -0.8 0.8 0.4
Straightness y (µm) -0.4 1.6 1.7 0.9 2 2.5 1.8 1.5
Table 5.5: Error models of straightness and squareness
Error models 1 2 3 4
EY X 1.3
−8 × x2 0.1−8 × x2 0.1−8 × x2 1.3−8 × x2
EXY −0.4−8 × y2 1.6−8 × y2 1.7−8 × y2 0.9−8 × y2
Fitted curve EY X -8.355 × 107 + 1.323 × 108 × cos(0.001122 × x) +
6.372 × 107 × sin(0.001122 × x) - 6.186 × 107 × cos(0.002244 × x)
-7.757 × 107 × sin(0.002244 × x) + 1.129 × 107 × cos(0.003366 × x)
4.945 × 107 × sin(0.003366 × x) + 4.234 × 106 × cos(0.004488 × x)
-1.855 × 107 × sin(0.004488 × x) - 3.088 × 106 × cos(0.00561 × x)
3.872 × 106 × sin(0.00561 × x) + 7.211 × 105 × cos(0.006732 × x)
-3.473 × 105 × sin(0.006732 × x) - 6.062 × 104 × cos(0.007854 × x)
0.7058 × sin(0.007854 × x)
Fitted line EC0X 1.3363e× 10−4 × x + 8.3393 × 10−4
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Table 5.6: Error models of straightness and squareness
Error models 5 6 7 8
EY X 0.6
−8 × x2 −0.8−8 × x2 0.8−8 × x2 0.4−8 × x2
EXY 0.2
−7 × y2 2.5−8 × y2 1.8−8 × y2 1.5−8 × y2
Fitted curve EY X -3.971 × 107 + 6.252 × 107 × cos(0.001122 × x) +
3.106 × 107 × sin(0.001122 × x) - 2.851 × 107 × cos(0.002244 × x)
-3.76 × 107 × sin(0.002244 × x) + 4.507 × 106 × cos(0.003366 × x)
2.372 × 107 × sin(0.003366 × x) + 2.443 × 106 × cos(0.004488 × x)
-8.73 × 106 × sin(0.004488 × x) - 1.581 × 106 × cos(0.00561 × x)
1.755 × 106 × sin(0.00561 × x) + 3.556 × 105 × cos(0.006732 × x)
-1.409 × 105 × sin(0.006732 × x) - 2.893 × 104 × cos(0.007854 × x)
-2385 × sin(0.007854 × x)
Fitted line EC0X 1.3238e× 10−4 × x + 5.0795 × 10−4
5.4.3 Determining part location based on error models
Based on the error models presented in Tables 5.5 and 5.6, error values for each part
location can be determined. A test part containing two slots has been selected to re-
alise the theory mentioned in Sections 5.4.1 and 5.4.2. Two 10 mm slots are sufficient
to capture squareness and straightness errors in XY plane. Technical drawing of this
part has been shown in Figure 5-14. In order to estimate the error of tool tip in each
position, a dummy tool path has been selected. The tool path has been presented in
Figure 5-15 and attached in Appendix H. 23 points in the tool path has been selected
to calculate the total error to finish the job.
The tool path shown in Figure 5-15 has been simulated on six different locations on the
bed to find the area which has the least error. The error values calculated based on the
formulas provided in Sections 5.4.1 and 5.4.2. Also, The total error of machining has
been calculated based on the following formulas:
Error for each point =√e2x + e2y (5.29)
Total error = 23∑
i=1
√
e2xi + e2yi (5.30)
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Figure 5-14: Technical drawing of the test part used for experiment
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Figure 5-15: Tool path selected to validate CAPPable
It can be predicted from the simulation results that the 4th setup point has the minimum
squareness and straightness errors. Section 5.4.4 will demonstrate the application of the
theory outlined previously followed by a machining case.
5.4.4 Empirical validation of CAPPable
A profile of the Dugard machine tool containing sufficient information for part opti-
misation has been generated. This profile has been listed in Appendix I. All the data
which can be collected by the ball bar test has been included in this profile, such as
straightness and squareness errors in X and Y directions. The EXPRESS structure
listed in Table 5.13 has been used to store data for the ball bar test results. Based on










































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































To validate CAPPable, the part presented in Figure 5-14 has been machined 6 times
in six different locations on the Dugard bed. Machined parts have been measured on
a Brown & Sharpe CMM retrofitted with Renishaw probe. Figure 5-16 shows all the
points scanned with the CMM, and the orientation of the first test.
Next, the deviation of each data point from the best fitted line has been calculated in
X and Y directions. The total error has been determined using the Equations 5.31 and
5.32. To predict the squareness errors of the machined slots, deviation of these slots
from 90 degree has been calculated using the Equation 5.33.
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EC0Xm = arctan( m1 +m11 −m1 ×m2) (5.33)
Where, yi and xi are the actual data points measured by CMM, yˆi and xˆi are the data
obtained from the best fitted line, n is number of measurement points, and m1 and
m2 are the gradients of the fitted lines in X and Y. EXYtm and EY Xtm are the total
estimated straightness values and EC0Xm is the estimated squareness value obtained
from the part. EXYm and EY Xm are the fitted lines representing straightness values in
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Table 5.13: Data structure for the ball bar test
Label Data model description
Axes capability ENTITY axes_capability
SUBTYPE OF(machining_capability);
its_test_method : test_method;
its_axes_accuracy : SET [0:?] OF axes_accuracy;
END_ENTITY;




































X and Y directions. Table 5.14 lists the regression lines for the measured data points
in Figure 5-16 and the calculated straightness and squareness values using Equations
5.31 and 5.33. It can be seen from Table 5.14 that the measured error values from the
machined part also shows better accuracy in setup point 4. The setup point positions
have been presented in Figure 5-13.
An additional finding from this test is that the gradients of fitted lines in X and Y
directions are almost the same for the six machined parts. This agrees with the findings
of the ball bar test which found similar squareness errors in each of the eight testing
locations.
5.5 Summary
To evaluate the fitness of the proposed framework, three separate test cases have been
presented. First, CAPPable is used to select the capable machining resources based on
their availability. This assessment takes place in the macro process planning stage of
part manufacturing. The generated profiles of machines is compared against machining
requirements, such as the working envelope and the tool availability.
Next, the micro process planning stage has been selected to implement CAPPable.
The actual condition of the PKM legs has been captured and incorporated with the
proposed framework. Generated MCP file has been used to find the best location of a
workpiece on the PKM bed. The optimisation problem has been formulated considering
the error factors in the parallel legs.
In Section 5.4, the ball bar test has been used to model the straightness and square-
ness errors in the Dugard machine tool listed in Appendix I. The error data has been
included in the profile of the Dugard machine tool. Thus, CAPPable can perform ca-
pability check to obtain the best part location on the machine bed. After determining
the best part location using error models, the machined parts have been measured on




Table 5.14: Measured error values from the experiment
Test part 1
Best fitted lines based on CMM data
EY Xm = 0.0042x + 133.3373
EXYm = −0.0041y + 520.8094
Caculated error values from measurement
EC0Xm = 0.0057
EXYtm = 0.0051
EY Xtm = 0.0063
Test part 2
Best fitted lines based on CMM data
EY Xm = 0.003x + 134.3487
EXYm = −0.0028y + 519.7123
Caculated error values from measurement
EC0Xm = 0.011
EXYtm = 0.0043
EY Xtm = 0.0178
Test part 3
Best fitted lines based on CMM data
EY Xm = −0.004x + 137.1753
EXYm = −0.0042y + 519.5739
Caculated error values from measurement
EC0Xm = 0.011
EXYtm = 0.0076
EY Xtm = 0.0128
Test part 4
Best fitted lines based on CMM data
EY Xm = −0.0047x + 137.4148
EXYm = 0.0048y + 497.2025
Caculated error values from measurement
EC0Xm = 0.0057
EXYtm = 0.0042
EY Xtm = 0.0026
Test part 5
Best fitted lines based on CMM data
EY Xm = −0.0086x + 139.1638
EXYm = 0.0088y + 497.0145
Caculated error values from measurement
EC0Xm = 0.011
EXYtm = 0.0037
EY Xtm = 0.0098
Test part 6
Best fitted lines based on CMM data
EY Xm = 0.0044x + 133.8313
EXYm = −0.0042y + 497.7410
Caculated error values from measurement
EC0Xm = 0.011
EXYtm = 0.0034






This chapter discusses the research presented in this thesis, highlighting novel aspects
of the system proposed. Thoughts on the work conducted will be offered, and mapped
against the scope provided in Chapter 1. Finally advantages and limitations of the
CAPPable framework will be discussed.
The research presented in this thesis investigates the development of a process planning
system to manufacture parts based on the status of available machining resources. Ma-
chine tools normally come in different designs and configurations. In order to capture
the real capability of machine tools, existing machine tool models have been reviewed.
Two levels of manufacturing process planning have been proposed to implement CAP-
Pable, micro level and macro level. Macro level CAPPable has been used to determine
the possibility of manufacturing a part on various CNC machines. Micro level CAP-
Pable has been used to determine the part location based on the geometric errors of
a machine tool which will result in the least amount of straightness and squareness
errors.
6.2 State-of-the-art in methods for capturing machining
capability
A review of the literature on the state-of-the-art process planning methods for CNC
milling was performed in Chapter 2. A large number of CAPP systems were identified
which focused on generating machineable process plans. Most of these CAPP systems
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are designed based on the assumption that machine tools are performing without any
degradation (e.g. tool wear). Machining resources are generally ageing over their opera-
tional life which can limit the application and accuracy of these CAPP systems. There
are only a few papers that emphasise the available machine tool models to generate
reliable process plans based on the actual machine status. A process planning system
can only ensure that the part program is machinable if it works based on machine
tool models. Also, the reasoning system used in this assessment should be capable
enough to incorporate machining requirements into the decision-making system. This
has been fulfilled with the emergence of STEP-NC standards. STEP-NC provides end-
users with the list of machining requirements which can be used for decision-making
purposes.
6.3 A Novel Framework for capturing the capability of
machine tools
The framework outlined in Chapter 3 provides a novel method for capturing the real
capability of machines. The main concept of the framework is to have an intelligent
process planning system which can decide whether the machine is capable of handling
a specific job. The proposed framework contains a time-sensitive profile of the ma-
chine tool health. This profile includes a machine tool model which can be used for
comparative tests across various machines on the shop-floor.
The framework consists of two main parts:
1. The CAPPable framework which performs the main decision-making without any
human intervention. This system is capable of reading an MCP file together with
machining instructions. The output of the system identifies whether or not it is
feasible to manufacture a part on a specific machine.
2. The MCP file which stores the most recent condition of the machine. This file
contains all of the possible machining configurations which can be fed into CAP-
Pable.
The proposed framework is an improvement over the currently used process planning
systems. This is mainly due to the fact that available process planning systems work
based on the assumption that degraded CNCs will still result in the final product be-
ing within tolerance. However, there is a possibility of rejects when there are various
machine tools on the shop-floor with different capabilities. At the moment, the ma-
chineability of a part is assessed by an experienced process planner who has knowledge
about the available machining resources. This knowledge is obtained from his past
experience of working with the same machine tools.
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6.4 Implementation of CAPPable prototype
In order to implement CAPPable, a prototype has been generated using the Java plat-
form. The application software has been developed previously as a part of an EU project
titled ‘STEPMAN’ . This application is capable of generating MCP and STEP-NC files.
The MCP generator has been adapted to transfer the machine tool health parameters
to the CAPPable framework.
6.5 Macro level process planning test cases
In order to determine the capabilities of the framework discussed in Chapter 3, a proto-
type implementation was developed in the form of a macro process planning system. The
entire decision-making program was developed using the Java programming language
and developed in an object-oriented structure. The prototype is capable of receiving
a part program and an MCP file in the STEP-NC format. The MCP file contains the
latest status of the machine, and the part program includes the design tolerances and
machining working steps. The output of the proposed system helps the process planner
to check the machineability of a part in the early stage of process planning.
6.6 Optimising the part location on the PKM bed
The optimal position of a sample part has been determined based on the capability
of the ‘Equator’ parallel legs. The sample part has been virtually located on different
positions on the PKM bed. Minimum translational error along the parallel legs have
been considered to find the best location to setup the part. Based on the information
retrieved from the ‘Equator’ MCP file, the actual tool tip positions have been calculated
along a tool path. The same tool path has been simulated in different locations on the
PKM bed. The optimal setup location has been determined using the PSO algorithm.
The results show that locating the workpiece with the fully extended legs can increase
the chance of error. Thus, suggested workpiece location for this test case is near to
centre of the bed where the parallel legs have closer distance to the workpiece.
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6.7 Optimising the part location on the Dugard machine
tool
The geometric errors of the Dugard machine tool has been captured using a Renishaw
ball bar device. The recorded values have been stored in the Dugard MCP file. Using
the kinematic model of the Dugard machine tool, and the decision engine provided by
CAPPable, the best setup point for a sample part has been determined. The solution
which was provided by CAPPable has been validated by machining 6 parts on the
Dugard bed, and measuring the accuracy of the parts on a CMM machine.
6.8 Advantages and limitations of the CAPPable
system
The main advantages of using the CAPPable framework are as follows:
1. It offers process planners the ability to check the quality of a generated process
plan before any capability issues will affect the production. This can be considered
as a quality check on the generated process plans.
2. The quality of a process plan relies heavily on the knowledge of an experienced
process planner. This is due to the continuously gained knowledge of working
with the same manufacturing resources on a daily basis. When skilled process
planner leaves a firm, this valuable knowledge will be lost. CAPPable offers the
ability to save this knowledge and share it with the same or other departments. It
also can greatly increase the rate at which new process planners can learn about
the capability that their machines can offer.
3. Capability profiles can be extended to work with any types of machines including
custom made machines and hybrid parallel kinematic robots. The method of cap-
turing the capability of these machines can be performed online using sensors, or
oﬄine. Capturing oﬄine data requires a reliable kinematic model of the machines.
The following is a list that discusses the limitations of the framework proposed in this
research:
1. The output of the CAPPable highly relies on the data capturing method used to
store the capability of the machines. The accuracy of CAPPable cannot exceed
that of the method used in measuring the capability of the machine.
2. The CAPPable only considers errors which are measured and provided. For exam-
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ple in Section 5.4 the squareness and straightness errors of the Dugard machine
tool were measured and provided. Although in practice there are more errors
which can be present which can affect the machining accuracy or alter the actual
capability of a machine. Therefore the more errors which are provided into the
CAPPable framework, the more likely CAPPable is able to provide an accurate




Conclusions and future work
7.1 Introduction
This chapter will cover the conclusions obtained from this research along with the overall
contribution to knowledge. Potential areas in which this research could be expanded
and further investigated is covered in the final section of this chapter.
7.2 Conclusions
The conclusions resulting from this research are as follows:
1. Machine tools are available in different configurations and capabilities in indus-
try. Process planners rely on their experience and knowledge of these manufac-
turing resources to maintain the quality of a manufactured part. This approach
is extremely time-consuming and the results vary based on the process planner’s
experience. As a result, various CAPP systems have emerged to facilitate this
decision-making. However, none of these systems generate process plans which
adhere to the status of the available machining resources.
2. It is possible to generate process plans based on the real capability of a machine.
This can be done by developing a machine tool capability profile and linking it
with a decision-making engine. The machining capability profile can represent
the current status of the machine at that stage of its life. By providing machine
tool health parameters, the manufacturability of a part can be assessed.
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3. A 3-axis machine tool will contain: three axes, a variety of cutting tools and a
cuboid shape working envelope, however, an advanced machine tool will contain
far more complex parameters for capability assessment. The process planning
framework used in this research is extensible, and can be linked with more man-
ufacturing resources. The proposed framework has been tested on a PKM and
Dugard machine tool, and focused on the kinematic structure of machines. There
are more health parameters required to add to the current model to make sure
that the manufactured part adheres to the design. The objected-oriented design
of CAPPable can be a solution to this issue. This system can easily be adapted
and expanded to account for further developments in the field of manufacturabil-
ity assessment. Each health parameter can be developed as a separate module for
the CAPPable framework.
4. The prototype’s ability was shown to work with the following PKM machine
capabilities: frame size, leg length, plate dimension and translational errors. The
prototype was able to compute the best part location on a PKM bed with the use
of a particle swarm optimisation.
5. The prototype’s ability was also shown to work with the following 3-axis milling
machine capabilities: straightness errors, squareness errors, available cutting tools,
machining envelope and setup points.
6. Geometric errors affecting machining quality can be avoided using CAPPable.
geometric errors such as straightness and squareness values can be stored in MCP
files, and incorporated with the kinematic model of machines to determine the
optimal part location. This has been investigated in Section 5.4 which shows that
the hypothesis in Section 1.6 should be accepted.
7.3 Contribution to Knowledge
The main contribution to knowledge of this research lies in the novelty of the framework
developed to assess the feasibility of manufacturing a part on a degraded machine tool.
The framework allows for process planners to test the availability of manufacturing re-
sources before the machining program execution. Having such a system can be valuable
for machining some high-value products, such as turbine blades. At the moment, these
turbine blades are manufactured in batches and any inconsistency in production can
affect the allocation of machining resources. Discovering these issues in production can
be done before machining the actual part by checking the capability of the available
machining resources.
Furthermore, the proposed system works based on the STEP-NC standard which can
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be extended to represent information about any type of CNC machine such as turning,
drilling, grinding and additive manufacturing.
The proposed framework provided in this research can determine the best part location
based on the actual machining resources. Process planning based on the real abilities of
old machines is enabled using the framework presented in this thesis which is a valuable
contribution to this field of research.
7.4 Future work
This work has made a novel contribution to the body of knowledge and it is envis-
aged that aspects of the proposed framework could be extended further as it has been
described in the following sections.
7.4.1 Including additional health parameters
This research focused on capturing the real capabilities of CNC machines using available
kinematic models. The first extension of this work could be to add more capability
parameters such as fixturing parameters. The overall capability defined in CAPPable
only considers the working volume available for a CNC machine. This can be further
investigated by considering the available fixturing systems to hold parts of various
shapes and sizes when subjected to the external force.
7.4.2 Considering dynamic and thermal errors
Only the geometric errors of a machine have been considered in this thesis, assuming
that the machining errors affecting the general health of the machines are straightness
and squareness errors. This is not always true in machining operations. Capturing
dynamic and thermal errors of machine tools, and applying these types of errors to
build more robust machine tool error models can improve the proposed process planning
system.
7.4.3 Other machining and manufacturing technologies
Data model presented in this research has only been realised for milling technologies
including serial and parallel kinematic machines, but this data model can be further
extended for any manufacturing technologies such as wire EDM, CMM and Additive
which use different kinematic configurations. Also, the various manufacturing technolo-
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gies covered in STEP-NC can be included in CAPPable as the data structure is the
same.
7.4.4 Using joint capabilities of two machines
Existing machine tools in a shop-floor may offer different level of capabilities. Some
renewed or readjusted machine tools may work at a higher accuracy whereas the others
may offer additional axes, cutting tools or workpiece holding or fixturing. Based on this
information, deciding what is the best combination of machines that can deliver higher
quality can be a complex problem. Having access to joint capabilities of the available
machine tools in a factory can be a solution to this problem.
7.4.5 Capability assessment enabled by CAM
The current process planning system can be used in conjunction with available CAM
software. A CAM software will read a machine tool profile from a database. The
imported machine tool data can be utilised to assess the health of machine tool and its
latest status. Having such a system can compare available resources with the machining
strategy which a process planner may intend to use. Also, there is no need for an
experienced process planner as the CAM software enabled by MCP can automate this
process.
7.4.6 Smart controllers
Smart controllers can be integrated with the proposed planning system, to accept dif-
ferent machining codes, and assess them based on the latest status of the machine. This
can be used as a validation tool which is offered by the machine tool manufacturer.
7.4.7 Cloud-based capability analysis
Digital manufacturing introduced by Industry 4.0 has been recognised as the future
trend in manufacturing. To realise this concept, the MCP based process planning
framework developed in this research could be introduced into a cloud-based system.
The machining capability profiles can be stored inside a the cloud system and can be
utilised by process planners to work within that system (Mourad et al., 2016). Also, ex-
ternal customers can retrieve the latest capabilities of a company across this cloud-based
capability to make sure that the company can adhere to the manufacturing requirements
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A sample STEP-NC file to finish a
rectangular pocket
#1=PROJECT (’EXCECUTE EXAMPLE1’, #2, (#3), $, $, $);
#2=WORKPLAN (’MAIN WORKPLAN’, (#10, #11, #12, #13, #14), $, #6, $);
#3=WORKPIECE (’SIMPLE WORKPIECE’, #4, 0.010, $, $, $, (#66, #67,
#68, #69));
#4=MATERIAL (’ST-50’, ’STEEL’, (#5));
#5=PROPERTY_PARAMETER (’E=200000N/M2’);
#6=SETUP (’SETUP1’, #71, #62, (#7));
#7=WORKPIECE_SETUP (#3, #74, $, $, ());
.
.
#13=MACHINING_WORKINGSTEP (’WS ROUGH POCKET1’, #62, #18, #22, $);
.
.
#18=CLOSED_POCKET (’POCKET1’, #4, (#22, #23), #84, #65, (), $, #27
, #35, #37, #28);
.
.
#22=BOTTOM_AND_SIDE_ROUGH_MILLING ($, $, ’ROUGH POCKET1’, 15.000,




#36=PLUS_MINUS_VALUE (0.100, 0.100, 3);
#37=TOLERANCED_LENGTH_MEASURE (50.000, #38);
#38=PLUS_MINUS_VALUE (0.100, 0.100, 3);
.
.




A sample MCP file for Bridgeport
milling machine
Figure B-1: Bridgeport milling machine
Table B.1: Bridgeport milling machine specifications
Machine Envelope (mm) Feed (ipm) Speed (rpm)








































































A sample STEP-NC code to drill a
hole
#1=PROJECT (’EXECUTE EXAMPLE 1’, #2 , (#3), $, $, $);
#2=WORKPLAN (’MAIN WORKPLAN’, (#10, #11, #12, #13, #14), $, #6, $);
#3=WORKPIECE (’SIMPLE WORKPIECE’, #4, 0.010, $, $, $,
(#66, #67, #68, #69));
#4=MATERIAL (’ST-50’, ’STEEL’, (#5));
#5=PROPERTY_PARAMETER (’E=200000N/M2’);
#6=SETUP (’SETUP 1’, #71, #62, (#7));
#7=WORKPIECE_SETUP (#3, #74, $, $, ());
.
.
#11=MACHINING_WORKINGSTEP (’WS DRILL HOLE 1’, #62, #17, #20, $);
.
.









#57=PLUS_MINUS_VALUE (0.0100, 0.0100, 3);
.
.






#66=CARTESIAN_POINT (’CLAMPING POSITION 1’,
(0.000, 40.000,50.000));
#67=CARTESIAN_POINT (’CLAMPING POSITION 2’,
(100.000, 40.000,50.000));
#68=CARTESIAN_POINT (’CLAMPING POSITION 3’,
(0.000, 200.000,50.000));





The MCP file for XYZ milling
machine
Figure D-1: XYZ milling machine
Table D.1: XYZ milling machine specifications
Machine Envelope (mm) Feed (mm/min) Speed (rpm)






































































The MCP file for Renishaw PKM
platform
Figure E-1: Renishaw PKM machine
Table E.1: Renishaw PKM machine specifications
Machine Envelope (mm) Feed (mm/min) Speed (rpm)
Equator 300 300 × 300 × 150 8000 50000
HEADER;
FILE_DESCRIPTION((’STEPMAN generated STEP file’),
’2;1’);
FILE_NAME(’TEST.STP’,(’Behnood Afshari’,’Wesley Essink’,
























































STEP-NC code for manufacturing a
part on the PKM platform
HEADER;
FILE_DESCRIPTION((’TEST PIECE’,


































#59= POLYLINE(’CONTOUR OF POCKET1’,(#121,#122,#123,#124,#121));
#62= ELEMENTARY_SURFACE(’SECURITY PLANE’,#73);














#99= DIRECTION(’ AXIS ’,(0.000,0.000,1.000));
#100= DIRECTION(’ REF_DIRECTION’,(1.000,0.000,0.000));
#101= CARTESIAN_POINT(’WORKPIECE1:LOCATION ’,(0.000,0.000,0.000));
#102= DIRECTION(’ AXIS ’,(0.000,0.000,1.000));
#103= DIRECTION(’ REF_DIRECTION’,(1.000,0.000,0.000));
#115= CARTESIAN_POINT(’POCKET1:LOCATION ’,(20.000,65.000,0.000));


























public class Main {
static ArrayList<Double> xn = new ArrayList<>();
static ArrayList<Double> yn = new ArrayList<>();
static ArrayList<Double> zn = new ArrayList<>();
public static void main(String[] args) throws FileNotFoundException
{
// TODO Auto-generated method stub
loadFile();
//Initialising PSO parameters
int nIt = 100; //Number of iterations
int nPop = 1000; //Population size
double w = 1; //Inertia
double wDamp = 0.99; //Damping coefficient
double c1 = 2; // First coefficient of acceleration
double c2 = 2; //Second coefficient of acceleration
double[] varMin = new double[]{0,0}; // X and Y Minimums for Table





Point2D[] particlePositions = new Point2D[nPop];
Point2D[] particleBestPosition = new Point2D[nPop];
Point2D[] particleVelocities = new Point2D[nPop];
double[] particleFitness = new double[nPop];
double[] particleBestFitness = new double[nPop];
//Create global best
Point2D gPBest = new Point2D.Double(0, 0);
double gFBest = Double.POSITIVE_INFINITY;
//Initialise Particles
for (int i = 0; i < particlePositions.length; i++) {
particlePositions[i] = new Point2D.Double(Math.random() *








//Check whether particle is best so far
if (particleBestFitness[i] < gFBest) {
gPBest = new Point2D.Double(particleBestPosition[i].getX(),
particleBestPosition[i].getY());
gFBest = particleBestFitness[i];
System.out.println("Fitness: " + Math.round (gFBest * 10000.0) /
10000.0 + " X: " + Math.round (gPBest.getX()* 10000.0) / 10000.0
+ " Y: " + Math.round (gPBest.getY()* 10000.0) / 10000.0);
}
particleVelocities[i] = new Point2D.Double(0, 0);
}
//Main loop
for (int i = 0; i < nIt; i++) {
//Iterate through particles
for (int j = 0; j < particlePositions.length; j++) {
//Update velocities
particleVelocities[j] = new Point2D.Double(w *
particleVelocities[j].getX()
+ c1 * Math.random() * (particleBestPosition[j].getX() -
particlePositions[j].getX())
+ c2 * Math.random() * (gPBest.getX() -
particlePositions[j].getX()),
w * particleVelocities[j].getY()
+ c1 * Math.random() * (particleBestPosition[j].getY() -
particlePositions[j].getY())












//Check if current position is particles best





//Check if current position is global best
if (particleBestFitness[j] < gFBest) {
gPBest = new Point2D.Double(particleBestPosition[j].getX(),
particleBestPosition[j].getY());
gFBest = particleBestFitness[j];
System.out.print("Iteration " + i + " Fitness: " + Math.round
(gFBest* 100000.0) / 100000.0 + " X: " + Math.round
(gPBest.getX()* 100000.0) / 100000.0);








private static double calcFitness(final double x, final double y)
throws FileNotFoundException {
double fitness = 0;
ArrayList<Double> actualX = Xa(x, y);
ArrayList<Double> actualY = Ya(x, y);
for (int i = 0; i < xn.size(); i++) {
fitness += Math.sqrt(Math.pow((x + xn.get(i)) - actualX.get(i), 2)




private static void loadFile() throws FileNotFoundException {
String content = new Scanner(
new
File("/Users/ba278/Desktop/gcode2.rtf")).useDelimiter("\\Z").next();





















































private static List<String> Parse(String str) {














Tool path used for validating
CAPPable on Dugard machine
tool
0002;
G1902 B200 D200 H30 I0 J0 K0;
G21 G80 G40 G90 G17;
T2 D2 M6;






















The MCP file for Dugard Eagle 850
vertical machining centre
Figure I-1: Dugard Eagle 850 milling machine
Table I.1: Dugard Eagle 850 milling machine specifications
Machine Envelope (mm) Feed (mm/min) Speed (rpm)




FILE_DESCRIPTION( (’STEPMAN generated STEP file’), ’2;
1’);
FILE_NAME( ’TEST.STP’, (’Behnood Afshari’,
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